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Résumé en francais

Le Xeroderma Pigmentosum group D (XPD) codée par le gene ERCC2 est une hélicase 5°-
3’ ATP-dépendante connue pour étre 1'une des sous-unités du facteur géneral de transcription
TFIH. Ce complexe, composé de dix sous-unités réparties en deux sous-groupes, le CAK (Cycline
H, CDK7, MAT1) relié par XPD au cceur (XPB, p62, p52, p44, p34, p8) participe a la transcription
de genes codant pour des protéines. Durant la transcription, XPB ouvre la double hélice d’ADN
conduisant a I’avancée de I’ARN polymérase II et a la synthése de I’ ARN naissant. La sous-unité
XPD participe au maintien de la stabilité du complexe TFIIH au niveau des promoteurs des génes
codant pour des protéines mais aucun role enzymatique durant ce mécanisme n’a encore été décrit.

XPD est principalement connue pour son role dans la réparation de dommages a 1’ ADN par
excision de nucléotides (NER). L’ADN est expos¢ a de nombreuses attaques génotoxiques
endogeénes et exogénes qui génerent des Iésions tels que les Cyclobutane Pyrimidine Dimere (CPD)
et les 6-4 pyrimidine primidone (6-4 PP). Aprés reconnaissance de ces dommages, TFIIH est
recruté sur I’ADN. L’activité hélicase de XPD permet I’ouverture de la double hélice au niveau de
la 1ésion et conduit au recrutement d’exonucléases ainsi que de I’ADN polymérase afin de couper
autour de la lésion et de resynthétiser le brin endommagé. Ce mécanisme veille au maintien de
I’intégrité du génome. Mais XPD ne se cantonne pas qu’a sa présence au sein de TFIIH. En effet,
de récentes études ont révélé que cette sous-unité peut également se retrouver associée a d’autres
facteurs comme la kinésine Eg5, avec laquelle XPD participe a la ségrégation des chromosomes
durant la mitose.

Des mutations dans la protéine XPD sont associées a des maladies autosomales récessives
rares, comme la Trichothiodystrophie (TTD) pour laquelle les patients présentent une ichtyose, des
anomalies neurologiques ainsi que des ongles et des cheveux cassants. XPD mutée peut également
induire I’apparition de la pathologie du Xeroderma Pigmentosum (XP), qui se révele par une forte
sensibilité aux UV et une prédisposition a développer des cancers de la peau. XP peut également
étre associé au Syndrome de Cockayne (XP/CS) qui se caractérise par une forte sensibilité au UV,
un retard de croissance et de séveres anomalies neurologiques. Pendant longtemps, ces maladies
ne furent expliquées que par des défauts de réparation de I’ADN. Or les divers roles joués par XPD
laissent entendre que d’autres mécanismes cellulaires pourraient étre affectés. C’est dans ce cadre

que s’inscrit mon projet de thése, dont 1’objectif est de mieux appréhender les conséquences de
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mutations dans XPD sur les mécanismes de réparation de 1’ADN, de la transcription et de la

division cellulaire, afin de mieux comprendre 1’étiologie de ces pathologies.

I- XPD est principalement connue pour son rdle dans la NER. Cependant, il a été révélé que cette
protéine participait aussi a la ségrégation des chromosomes lors de la mitose. En revanche, son role
dans ce dernier mécanisme n’est pas tres bien défini. Des analyses ont été conduites sur des cellules
de patients atteints du XP-D arborant la mutation XPD/R683W qui présentent une hypersensibilité
aux UV. De maniére surprenante elles présentent également des défauts d’alignements et de
ségrégation des chromosomes durant la mitose conduisant & une accélération de la progression
mitotique. J’ai dans un premier temps participé a un projet permettant de comprendre les
conséquences d’une telle mutation dans XPD et ces partenaires mitotiques dans I’objectif de mieux
caractériser la fonction de la protéine lors la mitose. Des études approfondis révelent un partenariat
entre la kinésine Eg5 et XPD qui se trouve fragilisé en présence de la protéine mutée De plus, la
mutation semble impacter la localisation de la kinésine lors de la mitose, affectant son réle dans la
séparation des chromosomes. De plus, des approches de spectrométrie de masse ont permis de
mettre en évidence qu'une phosphorylation de XPD sur la thréonine en position 425 était importante
pour la pleine activité de XPD durant la mitose. Compte tenu du rdle de XPD lors de la réparation
et de la transcription, j'ai vérifié si cette phosphorylation pouvait aussi influencer l'activité de XPD
dans ces deux mécanismes. Nos travaux suggerent que 1’état de phosphorylation de XPD
n’influence ni la survie cellulaire aprés irradiation aux UV ni l'activation de la transcription. Cette
phosphorylation semble donc uniquement requise pour la division cellulaire. Ces résultats ont fait

I’objet d’un article publié en 2022 dans la revue “’Science Advances’ dans lequel je suis co-autrice.

II- Par la suite, afin de mieux comprendre le role de XPD durant la réparation de I’ADN, la
transcription et la division cellulaire, nous avons analysé I’effet de différentes mutations de XPD
sur ces trois mécanismes. Pour ce faire, nous avons réalisé de I'édition génomique par la méthode
CRISPR Cas9 afin de générer des lignées cellulaires exprimant un XPD endogéne portant une
étiquette fluorescente GFP et arborant différentes mutations connues pour affecter son activité
hélicase/ATPase: la mutation XPD/G47R (mutation retrouvée chez des patients XP/CS) touche a
l'activité ATPasique de XPD en déformant la poche d’accueil de I’ATP. La mutation XPD/G602D

(mutation XP/CS) affecte I’'un des domaines hélicases de la protéine et conduit a la perte de son
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activité enzymatique. Enfin, la mutation XPD/K48R (mutation artificielle) induit la perte de son
activité ATPasique en empéchant la reconnaissance de lysine 48 par 1’ ATP. Ces différentes lignées
partagent le méme fond génétique et ne différent que par la mutation introduite dans XPD.

Compte tenu, du réle de la protéine XPD dans la NER, nous avons évalué les conséquences
de ces différentes mutations sur la réparation des Iésions apres expositions aux rayons UV. De
maniére étonnante toutes les lignées mutantes, présentent une hypersensibilité similaire au rayons
UV. De plus, des études de dynamique du recrutement de XPD sur les lésions ont été effectuées et
dévoilent une diminution du recrutement des protéines mutantes aux niveaux des dommages. Un
suivi du niveau de réparation des Iésions a été opéré et dévoile un maintien du nombre de Iésions
au cours du temps. En somme, les mutations XPD/G47R, XPD/G602D et XPD/K48R semblent
affecter la NER de maniére similaire. En perspective, des analyses centrées sur I’interaction des
protéines mutantes avec I’ADN lésée seront réalisées.

Au regard du role de la protéine XPD pendant la mitose, nous souhaitions évaluer les
conséquences de la perte de Dactivité enzymatique de la protéine sur la ségrégation
chromosomique. Des analyses de la localisation de XPD durant la mitose ont été effectuées. Elles
mettent en évidence que les mutations induisant une perte de I’activité hélicase de XPD n'affectent
pas sa localisation au niveau des fuseaux mitotiques lors de la métaphase, au niveau de la zone
centrale des fuseaux mitotiques lors de I’anaphase et des corps centraux durant la télophase. De
plus, la vitesse de progression des lignées mutantes durant les phases de division cellulaire a été
analysée et ne semble pas étre affectée par les différentes mutations de XPD, suggérant que les
activités enzymatiques de XPD n'influent pas sur la progression mitotique. Nous avons ensuite
évalué la capacité des cellules a respecter les points de contrdle mitotique en traitant les lignées au
Taxol. De maniére surprenante, nous constatons que la lignée XPD /G602D, outrepasse le blocage
(slippage) du traitement et progresse en anaphase. En perspectives, des études d’interaction entre
les protéines mutantes et leur partenaires mitotiques seront réalisées. Ces données nous aménent a
penser que pendant la mitose, les mutations G47R et K48R n’affectent pas la localisation de XPD,
ni la ségrégation de chromosomes. Cependant, la mutation G602D induit le slippage des points de
controle et ’apparition de défauts mitotiques.

Compte tenu du réle structural de XPD lors de la transcription, nous nous sommes intéresses
a I’effet des mutations affectant I’activité enzymatique de XPD sur la transcription par une analyse

de séquencage d’ ARN haut débit. De maniére remarquable, ces défauts transcriptionnels different
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selon la nature de la mutation. En effet, la mutation G47R ne provoque que des légers changements
d’expression de génes par rapport aux cellules non-mutées. Cependant, les mutations G602D et
K48R induisent la dérégulation d’expression de centaines de genes, et de maniére surprenante,
beaucoup de ces genes sont partagés entre les cellules mutantes G602D et K48R. Afin d’étudier
les conséquences des mutations XPD sur I’induction forcée de I’expression de génes, les cellules
ont été traitées ou non a I’acide rétinoique (AR), connu pour induire 1'expression de génes cibles
specifiques. Alors que les effets de la mutation G47R étaient négligeables, nous avons constaté que
les mutations G602D et K48R perturbent l'induction des genes AR-dépendant. Ces résultats
suggerent que la transcription peut étre affectée par une déficience de 'activité de XPD, mais
montrent aussi des divergences en fonction des mutations.

Des mutations dans la protéine XPD conduisent au développement de pathologies tels que
le TTD, le XP et XP/CS. Historiquement, ces pathologies n’étaient attribuées qu’a un mécanisme
de NER défectueux provenant de 1’incapacité de XPD a ouvrir la double hélice d’ADN. XPD est
également impliqué dans la division cellulaire et la transcription. Nous mettons en évidence dans
cette étude que I’hélicase XPD est une protéine pluri-mécanistique dont des mutations distinctes
peuvent affecter ces processus cellulaires de maniére différentielle. Alors que les effets sur la
réparation de I’ADN des trois mutations étudiées sont similaires, leurs conséquences sur la
transcription divergent fortement. Pendant longtemps, le fait que des mutations différentes dans la
méme protéine pouvaient provoquer des pathologies aussi phénotypiquement distinctes que le XP,
TTD ou CS était difficile a expliquer. Nos résultats permettent de mieux comprendre le réle
complexe de XPD et les effets différentiels de ses mutations, et nous aident ainsi a mieux

appréhender les pathologies associées.
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The genetic information that governs human development and physiological maintenance
is stored within the genomic sequence of deoxyribonucleic acid (DNA). The integrity of the
genome is essential for the proper functioning of cells and the survival of organisms. This stability
is largely based on highly conserved DNA repair mechanisms capable of correcting alterations
caused by both exogenous and endogenous stresses. Among these mechanisms, Nucleotide

Excision repair (NER) plays a fundamental role in eliminating distorting DNA lesions.

The Xeroderma Pigmentosum D protein (XPD), an essential component of the crucial
Transcription Factor Il H complex (TFIIH), is involved not only in DNA repair but also in
transcription and the cellular division. Mutations in XPD, are associated with several rare genetic
diseases, including Xeroderma Pigmentosum (XP), Cockayne Syndrome (CS) and

Trichothiodystrophy (TTD), each characterized by distinct and often severe clinical manifestations.

This thesis aims to elucidate the impact of mutations affecting XPD on fundamental cellular
processes. The first section of the manuscript will present the TFIIH complex, with a particular
focus on the subunits XPD. Given the involvement of XPD in gene expression, DNA repair, and
cellular division, these key molecular processes will be introduced, highlighting the role of XPD
in each of them. Finally, the third section of the manuscript, will explore various XPD mutations

and detail the associated pathologies.

By combining biochemical, cellular and genetic approaches, the results section will
investigate how these mutations impair DNA repair, alter transcription, and disrupt cell division.
A better understanding of XPD’s functions and the consequences of its dysfunctions could provide
valuable insights into the pathophysiology of related diseases and help pave the way for targeted

therapeutic strategies.

Ultimately, exploring the links between XPD mutations, genomic instability, and rare
diseases will contribute to deciphering the molecular mechanisms underlying genetic disorders and

identifying potential targets for medical interventions.
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Section 1: TFIIH and its subunits XPD
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1. The TFIIH complex

One of the most pivotal complexes in molecular and cellular processes is the human general
Transcription Factor Il H (TFIIH) characterized in 1992, by members of my host team (Lu et al.
1992). TFIIH has been the subject of extensive research since then. Studies have ranged from
structural analyses of the complex to in vitro and in vivo molecular and biochemical evaluations
of its functions in transcription and DNA repair (Egly et Coin 2011; Compe et Egly 2016). Its dual

role makes it a critical guardian of genome function and stability.

1.1.Composition

TFIIH isa heterodecameric protein complex divided in two subcomplexes: the Core comprising
seven subunits and the CDK Activating Kinase (CAK) composed of three subunits (Compe et Egly
2012; Greber et al. 2019).

Each of the seven subunits of the core contributes to a specific structural or enzymatic function
of the complex. The Xeroderma pigmentosum B (XPB), encoded by the gene ERCC3 is a ATP-
dependent helicase (Fan et DuPrez 2015; Chauhan et al. 2021). The subunit p62 (GTF2H1) has a
strict structural role in the complex (Okuda et al. 2021). The subunits p52 (GTF2H4) interacts
directly with XPB and regulates its translocase activity (Jawhari et al. 2002; Kappenberger et al.
2020). Contributing to the structural stability of the core complex, p34 (GTF2H2) helps to maintain
the integrity of TFIIH (Radu et al. 2017).

One of the most important subunit of the complex TFIIH is the Xeroderma pigmentosum D
(XPD) encoded by ERCC2 which functions as a 5' to 3' ATP-dependent helicase (Lehmann 2008;
Kuper et al. 2014; Houten et al. 2016). | will describe this crucial multifunction subunit on a
specific chapter. Regulating the helicase function of XPD is the subunit p44 (GTF2H3) (Coin et
al. 1998; J. S. Kim et al. 2015). The last subunits to be discovered is the p8 /Trichothiodystrophy
group A (p8/TTD-A) protein encoded by the GTF2H5 gene. p8/TTD-A is essential for stabilising
the whole complex and increasing the efficiency of nucleotide excision repair and regulating as
well the ATP activity of XPB (Coin et al. 2006; Giglia-Mari et al. 2006; Gervais et al. 2018).

The CAK is the other subcomplex of TFIIH and is composed of three subunits that contribute
to the hole function of the complex (Kaldis 1999; Lolli et Johnson 2005; Coin et al. 2008; Radu et
al. 2017). The subunit Cyclin-Dependent Kinase 7 (CDK7) as a kinase function. The Cyclin H

regulates the activity of CDK7 and serves as a functional link between TFIIH and cell cycle control
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mechanisms (M. Wang et al. 2020). The Ménage A Trois 1 (MATL1) interact with XPD which acts
as a bridge connecting the CAK module to the core of TFIIH complex (Busso et al. 2000;
Abdulrahman et al. 2013; Rimel et Taatjes 2018). (Table 1 & Figure 1)

RING [[55] Coiled-coil |1 E0KT
1 309
cycint [[HNIl Cyelinbox  [JHc]
1 23

CDK7 [ijn g I Vi
1

£

xep [0 HD1 RS ARCH =] HD2 [
1 760
VWA Zn  RING
1 35
PHD  BSD BSD helical-D.
548
VWA Zn core TFIIH
308
NTD clutch = CTD
a8
Ton
xe [xeeno N -
1

782

Figure 1 : Subunits of the general transcription factor TFIIH.

TFIIH is constituted of 10 subunits divided into subcomplexes: the Core composed by Xeroderma
pigmentosum B (XPB), p62, p52, p34, p33, p8 bridged by Xeroderma pigmentosum D (XPD) to the CDK
Associated Kinase (CAK) composed by Cyclin H, Cyclin Dependent Kinase 7 (CDK7) and Menage A Trois
1 (MATL). The kinase activity of TFIIH is detained by CDK7. XPB is an ATP dependent translocase
regulated by the subunit p52 and XPD is ATP dependent 5’3 helicase which activity is regulated by p44.
(Kuper et Kisker 2021).

Subcomplex Subunits Functions
Core XPB ATP dependent 3’5’ Translocase
pS2 Regulating positively XPB’s ATPase activity
p34 Structural function
p62 Structural function
p44 Regulating positively XPD’s helicase activity
XPD ATP dependent 5’3’ Helicase
Bridge the CAK to the Core
p8 Structural function
CAK MAT1 -Stabilization and anchor the CAK to the core
- Inhibition of XPD’s helicase activity
CDK7 Kinase activity
CyclinH Modulate CDK?7 activity

Table 1 : Subunit composition and functional roles of the human TFIIH complex.
The core of TFIIH is composed of XPB, p52, p34, p62, p44 and XPD, with XPB caring an ATP dependent
translocase activity and XPD caring a 5’3’ ATP dependent helicase activity
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1.2. Structure of TFIIH

TFIIH adopts three major structural conformations, each corresponding to a different functional
state. From the “Holo” TFIIH can be adopted the “Apo” form of TFIIH adopted during the
Transcriptional state and the DNA Repair (NER) state (Yu et al. 2023) (Figure 2). The Apo form
of TFIIH represents the ligand-free conformation of the complex: untangled to DNA, transcription
proteins, or repair substrates. In this inactive state, TFIIH is assembled but not functionally
engaged, making it a valuable reference point for understanding how structural changes enable its
activation in transcription or DNA repair. Greber et al. resolved the structure of human core-TFIIH
using phase plate cryo-electron microscopy, achieving a 3.7 A resolution (Greber et al. 2019). The
structure captures the core complex of TFIIH, comprising XPB, XPD, p62, p52, p44, p34, and

TTDA/p8 in its unbound conformation.

The core TFIIH adopts a horseshoe-like overall conformation, with subunits wrapping around
a central cavity (Greber et al. 2017). This shape provides a framework that supports dynamic
interactions with DNA and other factors during activation. The XPB helicase, located at one end
of the horseshoe, is tightly associated with p52 through homologous domains that form a pseudo-
symmetric dimer (Kappenberger et al. 2020). This interaction is essential for anchoring XPB in
place and possibly stabilizing it in a pre-catalytic (inactive) conformation. Indeed, XPB is not in
contact with DNA in this state. Its ATP-binding site is intact but not engaged. This arrangement
suggests that XPB requires additional interactions such as with promoter to transition into an active
state (Fan et DuPrez 2015). One of the most striking features of the Apo-TFIIH structure is the
insertion of p62 into the helicase core of XPD (Barnett et al. 2020). The subunit p62 threads into
the DNA-binding groove of XPD, physically blocking substrate access. This configuration
autoinhibits XPD in the absence of DNA damage, preventing unnecessary helicase activity (H. Liu
et al. 2008). It acts as a safeguard to maintain XPD in an inactive state. Subunits p44 and p34
interact via interlocking zinc-binding domains, stabilizing the core structure (Radu et al. 2017).
These domains are structurally conserved and act as a scaffold, connecting the helicases to the rest
of the complex. Moreover, p44 influences XPD’s helicase activity enhancing the function (C.
Nance et al. 2025). The subunit p8/TTDA is located near XPD and contributes to the stability of

the overall complex (Aguilar-Fuentes et al. 2008; Cruz-Becerra et al. 2016).
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Figure 2 : Cryo-EM structure of the human Apo-TFIIH complex-side view (A) and top view (B).

The core subunits of TFIIH are color-coded and labeled: XPB (blue), XPD (green), p44 (red), p34
(purple), p52 (yellow), p62 (cyan), and TTDA/p8 (light green). The CAK module, specifically MAT1
(orange), is stably associated with the core and interacts primarily with p62 and XPD. The figure
illustrates the characteristic horseshoe-shaped architecture of apo-TFIIH and highlights the
non-catalytic, docked conformation of the CAK module in the absence of transcriptional or
repair substrates. Adapted from Greber 2019.

Concerning the structure of the CAK of TFIIH, MAT1 is essential for CAK’s attachment to the
TFIH core (Greber etal. 2020). Its C-terminal domain, the RING domain of MAT1, likely interacts
with p62 and the Arch domain of XPD. The helical region of MAT1 interacts with subunit XPB,
helping to anchor the CAK module to the core TFIIH structure (Peissert et al. 2020). These
anchoring points allow the CAK to remain structurally attached in the Apo-TFIIH. Although the
module is physically present, in that structure and position it is functionally inactive. The CAK

structure shows CDKY7 in a closed, autoinhibited state in the absence of substrate.
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Core-binding
module

CDK-cyclin module

Figure 3 Cryo-EM of the CAK from the apo-TFIIH.

The CAK complex is composed of CDK7 (gray), Cyclin H (dark orange), and MATL1 (light orange). The
structure is divided into two main functional regions: the CDK-Cyclin module, which includes the catalytic
core CDKY and its regulatory partner Cyclin H, and the core-binding module of MAT1. Key MAT1 domains
are labeled, including the helical region and the RING domain, which are involved in anchoring CAK to
TFIIH. The CAK anchor within MAT1 (highlighted in orange) stabilizes interactions between the CDK—
Cyclin module and the rest of the complex. This structure reflects the modular and flexible of CAK. Adapted
from Greber 2020.

2. Structure and Functional Domain of XPD

2.1. XPD overview

As it has been mentioned above the protein XPD is one of the most pivotal subunits of TFIIH.
Presenting the protein generally, the gene ERCC2, located in the chromosome 19913.2 encodes for
the protein XPD of 760 Amino Acids (Lehmann 2008). Structurally, XPD belongs to the
Superfamily 2 (SF2) helicases and has a distinct four-domain architecture, each critical for its
enzymatic activity and protein interactions (Y. Wu et al. 2009; Byrd et Raney 2012). Amongst
them, there are, two RecA-like Helicase Domains which (D1 and HD2) (Figure 4). 7 helicase
motifs (1, Ia, 11, I, 1V, V and VI) have been identified and participate to the enzymatic function
of XPD (Houten et al. 2016). The N-terminal domain contains a conserved iron-sulfur (Fe-S)
domain and cluster, which is essential for DNA binding, helicase function, and strand separation
during DNA repair (Rudolfetal. 2006; Vashisht etal. 2015). Additionally, XPD possesses a unique
Arch domain constituting 25% of the protein size. This domain forms an arch-like structure serving
as a platform to interact with MAT1 subunit (Fan et al. 2008; Kralund et al. 2013).
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Figure 4 : Structure of XPD/ERCC2.

XPD is a 760 amino acid long protein. It contains two Helicase domain (HD1 and HD2) and 7 helicase
motifs represented in green and dark green. The N-terminal region contains the Fe-S domain and cluster (in
purple) that is necessary for its DNA binding and enzymatic activity. The Arch domain represented in
orange, participates to XPD interaction with the CAK especially with MAT1. The C-terminal region allow
its interaction with other TFIIH core protein such as p44 and p62.

2.2. XPD structure

HD1 and HD2 domain’s folding are characterized by a central seven-stranded parallel B-sheet
flanked by a-helices, forming part of the catalytic core essential for ATP binding and hydrolysis
(Figure 5) (Liu et al. 2008). The spatial arrangement of these domains creates a central pore-like
structure that accommodates single-stranded DNA (ssDNA) during the helicase’s translocation
process (Kuper, Hove, Maidl, Sauer, et al. 2024). ATP molecule recognizes the Lysine at the
position 48 (K48) in the N terminal region. ATP binds in its pocket, promoting its hydrolysis (Ueda
et al. 2009). Upon ATP binding, conformational changes in HD1, in coordination with HD2,
facilitate the unwinding of DNA strands.

Figure 5: 3D structure of the XPD
protein.

Domain and Fe-S cluster

The Arch s represented in orange. The Fe-
S domain is in purple and the HD1 and
HD2 domain forming the ATP lobes
recognized by the ATP remains in green
PDB (6ROI) (Kokic et al. 2019).

ATP lobes
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Section 2: XPD’s role in major cellular

ProCesSes
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1. Localization, structure and organization of the genome

On of the most intricate features in the study of the living organisms is the storing and the
coding of the information required for the development and maintenance of a human organism.
These information reside in around 2 meters of genomic DNA protected in the cellular nucleus and
organized through multiples levels of compaction (Peterson et Laniel 2004; Piovesan et al. 2019).

Structurally, the DNA exists asa double-stranded helix described by Watson and Crick in 1953,
where two antiparallel strands of nucleotides are linked by a sugar-phosphate backbone and held
together by specific base-pairing interactions—Adenine (A) pairs with Thymine (T) and Cytosine
(C) pairs with Guanine (G) via hydrogen bonds (Watson et Crick 1953). This arrangement ensures
the stability and fidelity of genetic information. To achieve higher-order compaction, the double
strand is wrapped around an octamer of histone proteins, forming the nucleosome, where 146 base
pairs (bp) of DNA are wound around Histone 2 A, (H2A), Histone 2 B (H2B), Histone 3 (H3), and
Histone 4 (H4) (Chhetri 2025). Nucleosomes are further coiled into chromatin fibers, which
undergoes additional folding and looping to generate highly condensed chromosomes (Figure 4)
(Misteli 2020).

Beyond structural organization, the accessibility of the genomic information is highly
regulated by several mechanisms. Chromatin can exist in two functional states: euchromatin, which
is loosely packed and therefore easily accessible for transcription factors, and heterochromatin,
which is highly and tightly compacted (Morrison et Thakur 2021). Additionally, chromatin
architecture is organized in topologically Associating Domains (TADs), chromatin looping, and
nuclear compartmentalization, which contribute to gene regulation and cellular identity (Cramer
2019). Thus, the localization, structure, and organization of genomic DNA in eukaryotic cells
reflect an intricate balance between compaction and accessibility, ensuring efficient gene
expression, replication, and genome stability while maintaining the necessary structural integrity

for cell function and inheritance.
Many processes enable cells to maintain their structure, respond to their environment, and

ensure survival. Among them, transcription is a critical phases of gene expression, engaging in

the production of proteins necessary for diverse biological functions.
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Figure 6: Structure and organization of genomic DNA.

Genome is organized on multiple levels. The double strand DNA organized in a helix is wrapped around
an octamer of histones. The DNA fragment tangled around histones represent 146pb and is called
nucleosome. Compacted the genome Is section in topologically associated domains (TAD) regulating
interactions with transcription factors. This organization allows the genomic DNA to be compacted and to
fit in a small cellular compartment : the nucleus (Misteli 2020).

2. Transcription mechanism

All the information necessary to develop and maintained a human organism is coded into
sequences of nucleotides stored in the genomic DNA. Transcription is the molecular process by
which the genomic information is read, decoded and copied into a new molecule of RNA
converting DNA into a much more functional format (Spencer et Groudine 1990; Lee et Young
2000; Kornberg 2007; Roeder 2019). 98% of the genome represent the regulatory and repetitive
elements and the 2% remaining correspond to the number of genes coding for proteins (Amaral et
al. 2023). Taking place in the nucleus for eukaryotes and cytoplasm for prokaryotes, transcription
is a complexed mechanism where myriads of proteins respect a precise choreography through the
three main steps: Initiation, Elongation and Termination (Schier et Taatjes, s. d.). It’s a mechanism

finely regulated on several levels to guarantee a proper gene expression.
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2.1.RNA polymerase

The enzymes able to read and transcribe RNA from DNA are the RNA polymerases (Barba-
Aliaga et al. 2021). Procaryotes and archaea present a unique enzyme (holoenzyme) when four has
been identified in eukaryotes: RNA polymerase I, Il, I1l, V. Each RNA polymerase transcribes
different types of genes and has specific transcription factors, recognition sequences and regulatory
elements.

RNA pol I synthesis the main ribosomal RNA, more specifically: 28S, 5,8S and 18S. RNA pol
I11 transcribes tRNA, 5S rRNA and other small RNAs (Table 1) (Goodfellow et Zomerdijk 2013;
Merkl et al. 2020). RNA pol Il transcribes messenger RNA (mRNA), a few nuclear RNAs
(snRNAs) and micro-RNA (miRNA). RNA pol 1V was identified only in plantes and play a role
protecting the genome against virus (Borukhov et Nudler 2003; Zhou et Law 2015).

RNA polymerase I, I1, and 111 comprise 14, 12 and 17 subunits respectively (Table 2). Focusing
on Pol 11, the enzyme consists of 10 subunits in the core and a peripheral heterodimer known as the
Rpb4/7 (Calvo 2020). The core which include Rpbl, Rpb2, Rpb3, and Rpbll, which show
sequence and structural similarities in RNA pol I, RNA pol 11l and holoenzyme present in bacteria
and archaea (Patrick Cramer 2002;Ryu et Lee 2024). Structural analysis identified intrinsic
conformational flexibility within the enzyme. More specifically the CTD region of the polymerase
localized in RNA polymerase Il subunit Rpb. Its contains a heptapeptide motif (Y1-S?-P3-T4-S5-p6-
S’) repeated 52 times that plays a pivotal role in transcription and undergoes distinct structural
modifications allowing the enzyme to adapt to the various stages of the transcription cycle

including initiation, elongation and termination (Cramer et al. 2008; Linhartova et al. 2024).

RNA polymerase Function Products

RNA pol | Transcribes rRNA 28S, 18S and 5,8 SrRNA
RNA pol 11 Transcribes MRNA &snRNA | mRNA, snRNA, miRNA
RNA pol 111 Transcribes tRNA &5SrRNA | tRNA, 5SrRNA, U6snRNA

Table 2 : Eukaryotic RNA polymerases and functions

Brief presentation of the different eukaryotic RNA polymerase and their functions. RNA pol | synthesis the
ribosomal RNA 45S later cleaved into 28S, 18S, 5,8 SRNA. RNA pol Il synthesis SnRNA and mRNA. This
last will be translated into proteins. RNA pol Il synthesis 5S RNA and transport.
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RNA polymerases RNA pol | RNA pol 11 RNA pol 111
Ten-subunit core A190 Rpbl C160
Al135 Rpb2 C128
AC40 Rpb3 AC40
AC19 Rpbll AC19
AC12.2 Rpb9 C11
Rpb5 (ABC27) Rpb5 Rpb5
Rpb6 (ABC23) Rpb6 Rpb6
Rpb8 (ABC14.5) Rpb8 Rpb8
Rpb10 (ABC10c) Rpb10 Rpb10
Rpb12 (ABC10p) Rpb12 Rpb12
Rpb4/7 subcomplex | Al4 Rpb4 C17
A43 Rpb7 C25
TFIIF-like A49 (Tfgl/Rap74) C37
subcomplex* A34.5 (Tfg/Rap30) C53
pol I11-specific - - C82
subcomplex - - C34
- - C31
Number of subunits | 14 12 17

Table 3 : Eukaryotes RNA polymerases and subunits.

Presentation of the all the subunits of RNA polymerase I, 11, and 111. The RNA polymerase core is composed
of ten subunits with conserved sequences between the different polymerases. A TFIIF-like subcomplex
refers to a protein pair or module within a transcription system (outside of Pol 1l) that performs TFIIF-like
roles: aiding polymerase recruitment, promoter binding, and stabilization of the transcription pre-initiation
complex (Cramer et al. 2008)

2.2 .Promoters

This section will provide a more detailed view of the various factors and mechanisms involved
in the transcription of genes by RNA polymerase Il. The promoter, a specific DNA region located
upstream of the gene, is recognized and bound by the transcriptional machinery during transcription
initiation (Figure 7) (Core et Adelman 2019).

29



The core promoter is located +50 pb upstream from the Transcription Starts Site (TSS)
corresponding to the first nucleotide transcribed and is composed of specific sequences.

The TATA Box (TATA-A/T-A-A/T-A/G) is the canonical core promoter and the first that
has been identified. It is present in 15% of the core promoters and positioned 25 to 30 bp upstream
the TSS (Ponjavic et al. 2006; Mishal et Luna-Arias 2022)-. This sequence is recognized by the
TATA Binding Protein (TBP) and promotes the initiation of transcription (Haberle et Stark 2018).
In the core promoter, there is also the TFIIB Recognition Element (BRE) (Brown 2018). There are
two BRE sequences, one localized immediately upstream from the TATA box (BREu) at -32 to -
37 bp from the TSS and another one downstream of the TATA box (BREd) located a -23 to -17bp.
There is the presence as well of the Initiator sequence (Inr) which is found at the TSS (-2 to +4 bp)
(Savina et al. 2023). Moreover, the Downstream Promoter Element (DPE) can be also found
located at +28 to +33 bp (Sloutskin et al. 2023). The CG box is a regulatory DNA region rich in
Guanine and Cytosine, commonly found in eukaryotes and located at -40 to -100 from the TSS. It
binds specifics factors promoting the transcription initiation (Mahpour et al. 2018). Together they
support precise positioning of RNA pol Il (Vo Ngoc et al. 2017).

The TATA box is not present in all promoters (TATA-less promoters) (Ravarani et al.
2016). Indeed, many housekeeping genes often harbor core promoters with disperse TSS and no
TATA box, relying therefore on alternative core promoter elements like Inr, DPE sequence and the
CG box for RNA pol Il recruitment.

TSS
-100 -40 -37 -32-30 -25 -23 -17 -2 +4 +28 +33
- AN -
CGbox Brecignition TATABox B recignition Initiator Downstream
Element Element Promoter
upstream downstream Element

Figure 7 : RNA pol Il core promoter composition.

Schematic representation of a core promoter recognized by RNA pol Il in eukaryotic cells. Core promoter
elements include the TATA box in orange (-25 to -30 upstream from the transcription start site +1), the
Initiator (Inr) element overlapping the TSS, the TFIIB recognition elements (BREu and BREd) and the
Downstream Promoter Element (DPE), located approximately +28 to +32 downstream of the TSS.
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2.3.Enhancer

Enhancers are non-coding DNA sequences that significantly increase the transcription levels
of target genes, often acting over long genomic distances (Barshad et al. 2023). Unlike promoters,
which are typically located just upstream of the genes they regulate, enhancers can be located
kilobases away—either upstream, downstream, within introns, or even on different chromosomes
in some cases. They function by serving as binding platforms for Transcription Factors (TF) and
Co-Factors (COFS) (Figure 8) (Kreibich et Krebs 2022). Once bound, these proteins help
recruiting and stabilizing the transcriptional machinery at the promoter region of a gene. Enhancer
activity is highly context-specific, depending on cell type, developmental stage, and external
signals. Many enhancers are marked by specific histone modifications, such as H3K27ac and
H3K4mel, that are open chromatin modifications which help distinguish them from other
regulatory elements (Bae et Lesch 2020). Additionally, a single gene can be controlled by multiple
enhancers, and a single enhancer can regulate multiple genes, adding layers of complexity to gene

regulation (Karnuta et Scacheri 2018).
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Figure 8: Eukaryotic core enhancers

Different types of core promoters respond differently to distal enhancers, i.e. an enhancer can activate
them (solid arrows) or not (dashed arrows). This selectivity or specificity is mediated by different
transcription factors (TFs) and cofactors (COFs) that exhibit core-promoter preferences that are likely based
on biochemical compatibilities between the cofactors and core-promoter-bound general transcription factors
(GTFs). For example, TBP-related factor 2 (TRF2) substitutes for TATA-box binding protein (TBP) at the
promoters of many housekeeping genes and is essential for their activation. (Haberle et Stark 2018).
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2.4.Silencer

Silencers are regulatory DNA elements that suppress the transcription of specific genes. There
are crucial for maintaining gene expression patterns, especially during development and in tissue-
specific gene regulation. Indeed, they repress genes expression and participate establishing the cell
state during differentiation or in response to environmental signals (H. K. Long et al. 2020). Like
enhancers, silencers can function at a distance from the gene and regulate upstream, downstream,
or within introns (Segert et al. 2021). They work by binding repressor proteins that interfere with
the transcriptional machinery, either by blocking the assembly of transcription factors at the
promoter or by recruiting chromatin-modifying enzymes that compact the DNA, making it less
accessible for transcription (Pang et Snyder 2020). Silencers can be identified by characteristic
histone marks, such as the trimethylation of the Lysin 27 in the histone H3 (H3K27me3) which
induces a tighter DNA compaction (Huang et al. 2019).

2.5.Mediator

The Mediator complex is a large, conserved multiprotein coactivator essential for
transcriptional regulation by RNA polymerase 11 (Takahashi et al. 2020). Functioning as molecular
bridge, Mediator transmits signals from sequence-specific transcription factors bound at upstream
regulatory elements, transcription activating or repressor regions to the core transcriptional
machinery assembled at the promoter. It facilitates the recruitment and stabilization of RNA pol Il
within the promoter (Rengachari et al. 2021). Structurally, the core of Mediator is composed of
twenty-six subunits (Medl1 to Med 26) organized in three modules: the Head, Middle, Tail. The
core interact with the regulatory Kinase containing the Cyclin Dependent Kinases 8 (CDK8) and
CDK19 associated with the Cyclin C and a specific Cyclin H (H. Zhang et al. 2021). The Head
interacts with the RNA polymerase while the Tail interacts with DNA-bounds activators. (André
etal. 2021).

2.6.Cohesin

Cohesin is an annular multiprotein complex that plays a critical role in transcription by
stabilizing long-range interactions between enhancers and promoters (Waldman 2020). It facilitates

the formation of chromatin loops that allow distal regulatory elements to contact target gene

32



promoters, thereby supporting efficient recruitment of the transcriptional machinery and fine-tuned
gene expression, particularly during development and differentiation.

In addition to its role in gene regulation, cohesin is essential during mitosis, where it maintains
sister chromatid cohesion from DNA replication until their separation at anaphase (Choi et al.
2022). This cohesion ensures accurate chromosome segregation and maintains genomic integrity

during cell division.

2.7. Transcription steps

2.7.1. |Initiation

Initiation is mediated by RNA pol Il a variety of General Transcription Factors (GTFs), which
are essential for accurate transcription initiation. The first step in transcription initiation begins
with the recognition of the core promoter elements, which may include the TATA box, Inr
sequence, DPE, GC box, and BRE sequences (Bhuiyan et Timmers 2019). In promoters that
contain a TATA box, the TBP, a subunit of the TFIID complex, binds to the TATA sequence
located approximately 25-30 base pairs upstream of the transcription start site (TSS) (Figure 9)
(Andersson et Sandelin 2020). If the promoter lacks a TAT A box, alternative elements like the Inr
or DPE assist in positioning the transcription both TBP and the BRE sequences, further stabilizing
the transcription complex and providing a direct interaction site for Pol I1 machinery (Smale 1997).
Once TFIID is bound, it facilitates the recruitment of TFIIA, which stabilizes the complex and
prevents repressors from binding (J. Wang et al. 2020). Next, TFIIB is recruited and interacts with
RNA pol 11, alongside with the Mediator complex (O’Brien et Ansari 2022). TFIIF binds to RNA
pol 1l and enhances its affinity for the promoter, preventing premature dissociation (Girbig et al.
2022). The final crucial step involves the recruitment of TFIIE and TFIIH, which play critical roles
in transcription activation (Compe et al. 2019). TFIIH possesses a helicase activity through its
subunit XPB. Unwinding the DNA strands around the transcription start site, XPB creates a
transcription bubble that allows Pol Il to read the template strand (Chauhan et al. 2021).
Interestingly, in the presence of the pre-initiation complex (PIC), p62 inserts into XPD’s DNA-
binding groove, rendering XPD inactive. This action prevents its helicase activity, allowing XPB
to function as the primary translocase during transcription initiation. Although XPD held an

inactive state, its structural role ensures the integrity of the PIC necessary for interacting with XPB
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and other component of the transcription machinery (Kuper et al. 2014). Additionally, TFIIH
contains a kinase, the Cyclin Dependent Kinase 7 (CDK7) that phosphorylates the C-terminal
domain of RNA pol 1l localized in the Rpbl subunit, specifically at serine 5 and 7 of the
heptapeptide repeats (Velychko et al. 2024). This phosphorylation, induce a switch of the RNA pol
Il conformation promoting the escape of the promoters and beginning of RNA synthesis. This
process is tightly regulated by enhancers, silencers, chromatin modifications, and epigenetic
factors, ensuring precise gene expression control required for cell differentiation, development, and

response to environmental stimuli (Sainsbury et al. 2015).

@ Preinitiation complex formation @ Promoter opening
Release of transcription inhibitors and chromatin modifications TFIIH interacts with and stabilizes NRs
Recruitment of transcription factors (coactivators, Mediator, NRs, etc.) XPB opens DNA and CDK7 phosphorylates NRs and RNAPII
Sequential recruitment of TF-IID, lIA, IIB, IIF, RNAPII, IIE, and IIH TFIIH activity is regulated by Mediator (via CDK8) and TFIIE
&
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RNAPII produces short RNA CDK7 phosphorylates the CDK9 kinase of p-TEFb
Capping (m7G) of the 5 end of nascent RNA CDK9 targets the NELF, DSIF and Ser2 of the CTD
DSIF and NELF contribute to RNAPII pausing Phosphorylated NELF is released and RNAPII elongates RNA
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Figure 9 : Pre-Initiation-Complex (PIC).

Step 1: Formation of the PIC at the promoter with the recruitment of the RNA pol Il and the general
transcription factors TFIIH, a complex composed by ten subunits. One of them, XPB is responsible for the
DNA opening. Step2: Phosphorylation of the Serine 5 and 7 in the RNA pol Il CTD region by Cdk7
promoting its escaping from the promoter. Step 3: Synthesis and capping of the short the nascent RNA.
Pausing of the RNA pol Il. Steps 4: Loss of the phosphorylation of S2 and S5. Cdk9 phosphorylate the S2
CTD participating the RNA pol 1l elongation. Adapted from Compe & Egly 2016
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2.7.2. Elongation

Before entering into the elongation, DRB Sensitivity Inducing Factor (DSIF) and Negative
Elongation Factor (NELF) bind to the pol 11 and inhibit its activity, forcing Pol Il to pause over 20
to 100 nucleotide post TSS (Shao et Zeitlinger 2017). The phosphorylation of DSIF biggest
subunits, Spt5 and NELF by the Cyclin dependent kinase 9 (CDK9) belonging to the positive
Transcription Elongation Factor b complex (p-TEFb). Additionally, the phosphatase rtrl
dephosphorylates Ser-5 on the CTD, while CDK9 phosphorylates Ser-2 promoting the start of the
elongation phase (Figure 7) (Y. K. Kim et al. 2002).

During elongation, RNA polymerase Il unwinds the DNA double helix, reads the template
strand (antisense strand in a 3’ to 5° direction), and catalyzes the addition of complementary
ribonucleotides (NTPs) to the growing pre-mRNA strand in the 5° to 3’ direction (Muniz et al.
2021). As RNA pol Il progresses along the DNA, it forms a transcription bubble, where
approximately 15-20 base pairs of DNA remain unwound, allowing the enzyme to access the
template sequence.

The newly synthesis RNA, is matured through three steps : the capping , the splicing and the
poly A tail adding (K.-H. Yeom et al. 2021). This modification is crucial for mRNA stability,
nuclear export, and translation initiation. As the nascent RNA emerges from RNA pol I, a 7-
methylguanosine (m’G) cap is added to the 5° end by the Capping Enzyme Complex (CEC) to
protect mMRNA form degradation by nucleases (Y. Li et al. 2024). Furthermore, as elongation
progresses, splicing factors such as the spliceosome complex are recruited to remove introns and
join exons together, ensuring the proper maturation of the mRNA transcript (Bentley 2014).

Additionally, RNA polymerase Il-associated proteins such as TFIIS assist in proofreading and
rescuing backtracked polymerase, ensuring high-fidelity RNA synthesis (Zatreanu et al. 2019).
Once RNA pol Il reaches the termination signal, elongation factors dissociate, and the polymerase
undergoes conformational changes that prepare it for transcription termination. (Jonkers et Lis
2015).
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Figure 10: Phosphorylation pattern of the RNA pol Il heptapeptide during the transcription phases.

During the initiation, the serine 5 and 7 are phosphorylated by Cdk7 allowing the RNA pol 1l escape of the
promoter. During the pausing, the phosphatase Rtrl remove the phosphorylation from S5 and S7.
Simultaneously Cdk9 phosphorylate S2, promoting transcription elongation (Adapted from Jing-Ping Hsin
& James L Manley).

2.7.3. Terminaison
This process is directed by the presence of a polyadenylation signal (AAUAAA), located 10—
30 nucleotides upstream of the cleavage site in the 3° Untranslated Region (3 UTR) of the
transcript (Sun et al. 2018). (Passmore et Coller 2022).

As soon as RNA pol Il transcribes the conserved polyadenylation signal, it initiates
recruitment of the cleavage and polyadenylation machinery, notably the Cleavage and
Polyadenylation Specificity Factor (CPSF), which directly binds this sequence (So et al. 2019).
Simultaneously, the Cleavage Stimulation Factor (CstF) binds downstream to a GU-rich region
(Sun et al. 2020). This coordinated assembly activates the CPSF73 endonuclease subunit, which
cleaves the nascent pre-mRNA downstream of the AAUAAA signal (Han et al. 2023).

Following cleavage, Poly(A) Polymerase (PAP) adds a poly Adenine tail to the newly formed
3’ end of the pre-mRNA (J. Liu et Lu 2024). Meanwhile, RNA pol Il continues transcription
beyond the cleavage site. However, RNA polymerase Il does not immediately dissociate after
cleavage; instead, it continues transcribing the downstream non-coding region of the gene,
producing a trailing RNA fragment that is rapidly degraded by the 5” to 3 exonuclease Xrn2 (West
et al. 2004; Cortazar et al. 2022). Xrn2 binds to the uncapped 5’ end of the trailing RNA and
degrades it toward the polymerase, ultimately destabilizing RNA pol Il participating to it
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dissociation from the DNA template. This mechanism ensures that transcription stops efficiently

while also preventing unnecessary or aberrant transcriptional readthrough (Brannan et al. 2012).

2.8. Role of TFIIH during RNA polymerase transcription

Although one of the canonical roles of TFIIH occurs during RNA pol Il transcription,
astonishingly the complex also plays an important role in RNA polymerase 1 (RNA pol I)
transcription. RNA pol | has been describe transcribing ribosomal DNA (rRNA) into a large
precursor transcript known as 45S pre-rRNA (Watt et al. 2023). This precursor is subsequently
processed into 18S, 5,8S and 28S rRNAs which are essential structural and functional components
of the ribosome (Figure 12) (Knutson et al. 2020). RNA pol | transcription occurs in the nucleolus

and represents one of the most transcriptionally active processes in growing cells.

2.8.1. |Initiation

The initiation phase begins with the recognition of the rDNA promoter by specific
transcription factors. The Upstream Binding Factor (UBF) binds to upstream enhancer elements of
the rDNA promoter (Rayée et al. 2025). Selective Factor 1 (SL1), a complex composed of TBP
(TATA-binding protein) and RNA pol I-specific TBP Associated Factors (T AFs), positions RNA
pol I correctly on to the promoter (Moss et al. 2023). TIF-IA, a basal RNA pol I transcription factor,
regulated by growth signaling pathways such as mTOR and Mitogen Activated Protein Kinase
(MAPK) thought phosphorylation activates the transcription machinery in response to the cell’s
physiological state (Mayer et Grummt 2005) (Figure 11).

These factors assemble into a Pre-Initiation Complex (PIC) that recruits RNA pol I to the
transcription start site. At this stage, RNA pol | begins synthesizing short RNA products known as
abortive transcripts (2-10 nucleotides), reflecting instability of the early transcription complex (T.-
M. Zhang et al. 2024).

2.8.2. Elongation

To establish productive elongation, RNA pol | overcomes strong contacts with promoter-bound
factor such as the TATA binding protein-Transcription factor complex SL1 (TPB-TAF complex
SL1) (Tremblay et al. 2021). After the complex SL1 detachment, RNA pol | undergoes
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conformational changes that stabilize RNA-DNA interactions in its catalytic cleft and form a stable
elongation complex resistant to premature dissociation (Engel et al. 2017). This process is
facilitated by RNA pol I-specific subunits such as Polymerase Associated Factor 53 (PAF53),
PAF49, which RNA pol I navigate nucleosomal barriers (McNamar et al. 2023). Once promoter
escape has occurred, RNA pol I becomes highly processive, synthesizing the complete 45S pre-
rRNA.

TFIIH has been discovered contributing directly to RNA pol | transcription elongation
(Hoogstraten et al. 2002).
The complex is detected at rDNA promoters and across the gene body, colocalizing with actively
transcribing RNA pol I. Unlike for RNA pol Il, TFIIH is not required for initiation in RNA pol |
(Iben et al. 2002). The complex has been describe promoting efficient elongation likely through
the helicase XPB and XPD (Assfalg et al. 2012). Evidence of their participation lies in the
consequences in RNA pol 1 transcription when XPB and XPD are mutated. Indeed, studies
revealed, when these subunits are impaired the level of pre-rRNA synthesis decreases contributing
to ribosomal stress observed in a specific pathology called Cockayne syndrome. This manuscript

will describe more in details this pathology on the third section.
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Figure 11: rDNA transcription by RNA polymerase |

Transcription fators UBF, SL1 and TIF-1A recruit RNA polymerase | to the promoter, enabling synthesis of
pre-rRNA (45S). This full precursor is then processed into 18S, 5,8S and 28S rRNAs, essential components
to the ribosome.
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2.8.3. Termination and processing of 45S pre-rRNA
Termination is mediated by Transcription Termination Factor | (TTF-I), which recognizes
specific sequences downstream of the rDNA transcription unit and halts RNA pol | activity (Boutin
et al. 2019). The release 45S pre-RNA undergoes stepwise cleavage producing 18S, 5,8S and 28S
rRNAs. These rRNA are subsequently assembled with ribosomal proteins to form the small and

large ribosomal subunits of eukaryotic ribosomes.
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Figure 12: Representation of ribosome genesis.

RNA polymerase | transcribes rDNA into a precursor 45S pre-rRNA containing 18S, 5,8S and 28S
rRNA sequences, which are processed in the nucleolus. RNA polymerase 111 separately transcribes the 5S
rRNA, while RNA polymerase 1l produces mRNAs encoding ribosomal proteins. Mature rRNAs and
ribosomal proteins assemble into the 40S and 60S ribosomal subunits, which are then exported to the
cytoplasm and combined to form the functional ribosome (Jiao et al. 2023).

3. Nucléotide excision repair

In all cells, DNA is the carrier of genetic information from generation to generation; thus, its
integrity must be guaranteed and maintained to ensure the survival of the cell and more largely the
entire organism. Nevertheless, DNA throughout our life is constantly jeopardized by exogenous

and endogenous factors that can cause damages to its structure. These damages can induce DNA
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deformations that must be repaired to prevent the apparition of mutations causing the disruption of
cellular physiological processes. Several DNA repair mechanisms exist and are each assigned to
specific DNA lesions. This manuscript will focus on the Nucleotide Excision Repair mechanism
(NER).

Natural
UV source

Figure 13: Categories of UV rays and their absorption through the human skin.

The sun’s UV rays are divided into three categories: UVA (320-400nm) which can pass through the
epidermis to reach the dermis; Most of the UVB (280-320) is absorbed by the ozone layer, thought the
remaining portion reaches the epidermis. All of the UVC (100-200nm) is absorbed by the ozone layer. (Tang
etal. 2024).

3.1.DNA Damage

3.1.1. Cyclobutane pyrimidine dimer and 6-4 Pyrimidine Primidone

A large variety of damages are removed by the NER mechanism: The clinical most relevant
NER subtract are cis-syn-cyclobutane pyrimidine dimers (CPDs) and the 6-4 pyrimidine primidone
photoproducts (6-4PPs) (Figure 12 A and B) (Lima-Bessa et al. 2008). There are both formed
between adjacent pyrimidines (cytosine or thymine) and are induces by UV lights. The covalent
linkage prevents proper hydrogen bonding between the dimerized bases and their complementary
bases. The distortion formed, prevent the correct reading and accessibility of the DNA. 6-4PPs
inducing more helix distortion (44°) are recognized and therefore repair quicker than the CPDs
(30°) (Park et al. 2002; Rastogi et al. 2010).
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3.1.2. Bulky DNA adducts

Bulky DNA adducts are also removed by NER (Geacintov et Broyde 2017; J. Kim et al.
2023). These damages are caused by pollutants, benzopyrene adducts contained in cigarette smoke
and alkylating agents like cis-diamminedichloroplatinum (I1). These chemicals compound bound
to DNA blocking normal base pairing (Rechkoblit et al. 2017). Indeed, benzopyrene adducts bind
to guanine preventing cytosine from pairing with it. The modified base may be paired incorrectly
(guanine mispaired with thymine). If not repaired, after DNA replication, this could lead to a so
called transversion (G—> T). Concerning cis-platin, these agents create covalent bonds between
complementary bases, preventing the two DNA anti-parallel strands from separating (Dasari et
Tchounwou 2014; Yimit et al. 2019). The strands cannot unwind stopping the replication fork to
progress. The DNA polymerase would not be able to insert new bases leading to fork collapse
(Basu et Krishnamurthy 2010).

3.1.3. 8 o0xo guanine

Reactive oxygen species (ROS), caused by oxidative stress, induce the apparition of 8-oxo-
guanine (8-0xoG). 8oxoG are an oxidized form of guanine that can pair incorrectly (Figure 12 C).
The oxidation can mislead the DNA polymerase pairing by mistake the guanine with an adenine
instead of a cytosine. This can lead, if not repaired, to a transversion G>T (Bruskov 2002).

8ox0G are damages mostly repaired by the Base Excision Repair mechanism (BER) (Rosa
et al. 2023). After recognition of the lesion by the 8 Oxo Guanine DNA Glycosylase 1 (OGG1),
the enzyme cleaves the N-glycosidic bond, removing the damage base and creating an Apurinic
site (AP site) (You et al. 2024). The AP endonuclease 1 (APE1) will be recruited and cleave at the
5’ side of the damage, creating a single-strand break with a 3’ hydroxyl (OH) group and 5’
desoxyribose phosphate group (dRP) (Malfatti et al. 2021). The DNA polymerase  will then
remove the dRP group and add the correct nucleotide based on the matrix brand. Finally DNA
ligase 111 connects the newly added base to the sequence (Demin et al. 2021). Recent studies have
revealed that NER proteins were involved in the recognition of the damage (Shafirovich et
Geacintov 2021). Indeed, the Damage-Specific DNA binding protein 2 (DDB2), implicated in the
recognition of the lesion in NER, binds to 8oxoG and recruits OGGL1 allowing the activation of the
BER mechanism (Kumar et al. 2022).
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Figure 14 : DNA damages removed by NER.

A.Representation of Cyclo-butane Pyrimidine Dimer (CPD). B. Representation of a 6-4 pyrimidine
primidone photoproduct (6-4PP). Here we see the C4 of one thymine base liked to the C6 of another thymine
base. C. Representation of the 7,8 dihydro-8-oxoguanine (8-0xo0-G)

3.2. NER mechanism

In eukaryotes, NER is a complex process involving more than 20 proteins. There are two
types of NER, i.e., The Global Genome NER (GG-NER) and the Transcription Coupled NER (TC-
NER) which differ at the recognition stage (Figure 7) .GG-NER scans the whole genome for DNA
distortions, while TC-NR is tasked for rapid DNA repair on the transcribed strand.

3.2.1. Damage recognition

- GG-NER

Inthe case of the mammalian GG-NER, lesions are recognized by Xeroderma Pigmentosum
factor C (XPC) complexed to RAD23B and Centrin 2 (CETN2) (Kusakabe et al. 2019).

XPC scan the genome for DNA distortion such as UV-induced dimers or bulky chemicals
adducts (Cheon et al. 2019). After recognition, XPC binds to the undamaged strand causing the
helix to locally separate. Although XPC has a high affinity for 6-4PP inducing a larger DNA
deformation the protein shows a lower affinity for CPDs. CPDs are the most abundant photolesions
and cause a minimal distortion in DNA compared to 6-4PP. The incurvation of 33° is first detected
by UV Damage DNA Binding protein (UV DDB), a heteromeric protein composed by DDB1 and
DDB2 complexed with Xeroderma Pigmentosum E (XPE). DDB2 will enhance the distortion,
helping the recognition of the lesion by XPC and inducing the activation of NER (Kusakabe et al.
2019).
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Moreover, the DDBL is a connector protein for ubiquitin ligase (Meng et al. 2022). The
ubiquitin ligase is activated upon DDB2 binding and ubiquitinates DDB2 and XPC. The
ubiquitination of DDB2 promotes its degradation by the proteasome after extraction from NER
complexes. In parallel, the ubiquitination of XPC, increases its binding with the DNA damage.
XPC taking over the damage promotes the recruitment of TFIIH, participating to DDB2
dissociation (Ribeiro-Silva et al. 2020).

- TC-NER

The complex XPC-CENT2-RAD23 is not required in TC-NER. In this sub-pathway, the
stalling of RNA pol 11 during elongation at DNA lesion acts as a primary sensor for DNA damage
(Nieto Moreno et al. 2023). When RNA pol 11 encounters a DNA lesion in the template strand, it
can stall instead of proceeding with transcription (Kokic et al. 2024). This stalling is often described
as RNA pol Il "backtracking" where it retreats from the original transcriptional position on the
DNA. One of the key factors that facilitate the resolution of RNA pol Il backtracking is the
Transcription elongation Factor 11S (TFIIS) (Gregersen et Svejstrup 2018). TFIIS aids in the
cleavage of the backtracked RNA, allowing RNA pol Il to resume transcriptional elongation. By
inducing RNA cleavage, TFIIS acts as an anti-backtracking factor that helps reactivate

transcription following such stall.

The arrested RNA pol 11 recruits the Cockayne Syndrome complementation group B (CSB)
at the damages region (Llerena Schiffmacher et al. 2023). CSB is an ATP-dependent chromatin
remodeler that belong to the SWItch/Sucrose Non-Fermentable (SWI/SNF) family strongly binds
the upstream stalled RNA pol 1l to push it past the obstacles. After recognizing the lesion, CSB
induce the recruitment of Cockayne Syndrome A (CSA) (Llerena Schiffmacher et al. 2024). CSA
interacts with Cullin-4, (CUL4), RING-Box protein 1(RBX1), DDB1 and the E3 ubiquitin ligase
forming the CRL4CSA Complex. This interaction enhance the recruitment of UV-Stimulated
Scaffolding protein A (UVSSA) and the Elongation Factor 1 (ELOF1) (Van Sluis et al. 2024; Van
Der Weegen et al. 2021). CSA complex and CSB collaborate to facilitate the ubiquitination of the
lysine 1268 of the RNA pol Il to promote its eviction or degradation (Nakazawa et al. 2020). TFIIH
can then be recruited at the damaged lesion. The recruitment of TFIIH is promoted by the
Serine/Threonine Kinase 19 (STK19) which is recruited on stalled RNA pol Il by CSA and
enhances the ubiquitination of UVSSA (J. Li et al. 2024).
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3.2.2. DNA opening and XPD role in NER

TFIIH recruitment coordinates with the removing of DDB2 and is subsequent to the recruitment
of Xeroderma Pigmentosum A (XPA) (Ribeiro-Silva et al. 2020). The interaction of subunits p62
and XPB with XPC facilitates the recruitment of the complex to the damage (Barnett et al. 2020,
44). Interestingly, cryo-EM data conducted in yeast recently revealed that coordination between
XPB and XPC is essential for initiating DNA unwinding (Van Eeuwen et al. 2021). XPB helps to
generate torsional stress and preunwinds the DNA, while XPC acts as an anchor to position the
DNA appropriately for repair, ensuring that the unwinding process is both effective and efficient.
Moreover, the removal of the CAK from TFIIH promoted by the arrival of XPA activates the
helicase functions of its core, facilitating the unwinding of DNA around the lesion (Coin et al.
2008; Peissert et al. 2020).

One of the most critical events during NER, is the DNA opening. Following XPB initiation,
the proper DNA unwinding at the lesion is ensured by the 5’ to 3’ ATP dependent helicase XPD
creating a 25 to 30 nt bubble around the damage region allowing the proper access to the damage
for the repair proteins (Kuper, Hove, Maidl, Neitz, et al. 2024). The p44 subunit of TFIIH interacts
with XPD and by doing so enhances its ATPase activity, which is crucial for DNA unwinding
(Coin et al. 2007; Mao et Mills 2024). Moreover, recent studies have revealed that adding to the
helicase activity of XPD, the XPD-p44 heterodimer verify the presence of NER damages (Fu et al.
2022). This damage verification function is performed by sliding a single-stranded DNA (sSDNA)
through the central tunnel of the XPD protein, which is formed by an iron-sulfur cluster and an
arch domain. Once, they recognize a damage, both proteins form a covalent adducts with the DNA
damage, suggesting that p44 may additionally facilitate the verification process by actively
interacting with the damaged substrates (Petruseva et al. 2021).

Following, XPA binds to the 5’ end of the damaged strand and plays a crucial role in bridging
the formation of a pre-incision complex. The Replication protein A (RPA), a single-stranded DNA-
binding protein, stabilizes the unwound DNA and coats the undamaged strand to protect and
prevent reannealing or unwanted modifications (Topolska-Wo$ et al. 2020). If the damage is
verified, TFIIH facilitates the recruitment of the downstream nucleases XPG and XPF-ERCC1,

which create strand incisions flanking the lesion.
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3.2.3. Damage excision and DNA resynthesis

The protein XPA, plays a crucial role in guiding the exonucleases XPF-ERCC1 and XPG onto
their respective cleavage sites. XPF-ERCC1 and XPG make incisions at the 5" and 3’ sides of the
lesion, respectively. A comprehensive genome-wide analysis of human GG-NER and TC-NER
demonstrated that ERCC1-XPF incises the DNA approximately 20+ 5nucleotides upstream of the
lesion, while XPG cleaves 6+3 nucleotides downstream (Faridounnia et al. 2018). This coordinated
enzymatic activity results in the excision of a single-stranded DNA fragment degraded by 3’5’
exonuclease Three prime Repair Exonuclease 1 (TREX1) (S. H. Kim et al. 2022). Recent studies
discovered the involvement of Helicase-Like-Transcription Factor (HLTF) in the eviction of the
DNA damage (Van Toorn et al. 2022). Once recruited, HLTF uses its ATP-dependent translocase
motor to promote the dissociation of the incision complex, which contains repair factors like TFIIH,
XPG, and ERCC1-XPF, as well as the incised oligonucleotide. This active eviction process is
essential for transitioning from the incision step to repair synthesis, allowing for the efficient
loading of downstream factors such as the DNA polymerase. Following the eviction of the
damaged fragment, DNA polymerases are recruited (Lehmann 2011; Van Der Weegen et al. 2021).

There are three DNA polymerases involved in the resynthesis of the damaged strand: 9, €,
(Ashton et al. 2023). The processivity factor Proliferating Cell Nuclear Antigen (PCNA) allows
the DNA polymerase to bind the lagging strand together with Replication factor Complex (RFC1-
RFC) (Schrecker et al. 2022). On the other hand, an ubiquitinated PCNA and X-ray repair cross
complementing 1(XRCC1) recruits the DNA polymerase k (Ogi et al. 2010). The advanced strand
is repair by DNA polymerase ¢ paired with the alternative clamp loader Chromosome Transmission
Fidelity factor 18 (CTF18) and RFC (Stokes et al. 2020). DNA synthesis and ligation is then needed
to connect the new fragment with the genomic DNA. Ligases and DNA polymerases are selected
regarding the cell cycle stage. The couple, Pol 5 and ligase Illa oversees the synthesis and the
ligation during the interphase of the cell cycle (Hamdan et De Biasio 2023). On the other hand, Pol
¢ collaborated with ligase | during the DNA synthesis phase (S) preparing the entrance in mitosis
(Bhandari et al. 2023).
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Nucleotide excision repair

UV induce DNA damages such as 6-4PP and
CPD. During GG NER (left), the complex XPC-
CEN2-HR23B (GG-NER), helped by the
complex UV-DDB detects the damage. During
the TC-NER (right) RNA pol Il acts as a primary
sensor and recognize de lesion while in
elongation of the lesion. CSB, SSA and USP7
interacts with RNA pol 1l. CSB recruits CSA at
the damaged region. Following the RNA pol 1I
backtracks leaving the lesion open for NER
factors. After recognition, TFIIH is recruited in
both - GG-NER and TC-NER. The CAK
dissociated from the core of TFIIH allowing the
helicase XPD to open the DNA a 25 to 30nt
bubble around the lesion forming. Upon the DNA
opening, XPD, XPB and XPA verifies the
existence of lesions. RPA is recruited and coat
the undamaged strand preventing the helix from
reannealing. XPA recruits endonucleases
XPF/ERCC1 and XPG which cleave respectively
at 5’ and 3’ surrounding the lesion removing a
22-30nucleotide long strand. PCNA, which is
rapidly positioned after the 5' incision by XPF—
ERCC1, recruits DNA Pol 8, DNA Pol « or DNA
Pol ¢ for gap-filling. Gap filling starts right after
the 5’ incision is made. The NER reaction is
completed through sealing the newly synthesis
strand to the genome by DNA ligase 1 or DNA
ligase 3 (Marteijn et al. 2014).

46




4. Cell cycle and Checkpoints

The cell cycle is a fascinating and complex process involving numerous regulatory proteins
conducting one mother cell through a sequence of events towards the production of two daughter
cells (Russell 1998 ; Maiato 2021). It is divided in two main events: The interphase which consist
in three stages: the Gapl stage (G1), the DNA Synthesis stage (S) and the Gap 2 (G2). The second
part is Mitosis (M) during which the cell goes through five different phases: Prophase,
Prometaphase, Metaphase, Anaphase and Telophase (Russell 1998). The transition throughout is
coordinated by Cyclins and Cyclin-Dependent Kinases (CDKSs), whose tight regulation levels
ensure a precise and controlled advancement of the all process (Pellarin et al. 2025).
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Figure 16 : Cell Cycle regulation by Cyclins and CDKs

The cell cycle is divided in two parts. The first part consist of is the interphase composed by: G1, S
and G2 stages. The second part is Mitosis (M) where the cell undergoes division. During G1: the cell grows
and prepares for DNA replication. The Cyclin D/CDKA4/6 complex begins to phosphorylate several proteins
activating DNA replication genes. In late G1, the cell encounters a Restriction checkpoint (R) determining
whether the conditions are optimal to progress towards the S phase. Ifit’s the case the Cyclin E/CDK2 fully
phosphorylates Rb, ensuring the transition to S phase, where DNA is replicated. In G2, the cell continues to
grow, scans for DNA lesions that could have happened after replication and prepares for mitosis. The G2/M
checkpoint act as gatekeeper, if the cell cycle halt and repair the lesion. Once is ready, the G2/M checkpoint
is validated. The Cyclin A/CDK1 activates Cdc25, which triggers Cyclin B/CDK1 to initiate Mitosis.
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4.1, Interphase

An eukaryotic cell is characterized by the presence of the nucleus containing the compacted
genomic DNA enclosed in a plasma membrane (Chadha et al. 2024). The zone between the nucleus
and the membrane, is the cytoplasm where organelles are localized. Amongst organelles, can be
found: the mitochondria producing the ATP through cellular respiration, the Endoplasmic
Reticulum (ER) involved in proteins synthesis and the Golgi Apparatus, implicated in the transport
of proteins and lipids (Gomes et Shorter 2019).

Structurally a network of protein filaments forms the cytoskeleton where microtubules,
microfilaments and intermediate filaments intertwin providing support and facilitating movement
within the cell (Goodson et Jonasson 2018). Another central cellular organelle is the centrosome.
Composed of two structures called centrioles it is a microtubule-organizing center where the
microtubules meet and reorganize to participate in the cell division (Figure 15) (Vasquez-Limeta
et Loncarek 2021).

Rough Ribosomes, Nucleus , Nucleolus Nuclear
endoplasmic envelope
reticulum

Mitochondrion W Centriole
a4
L sosome—“,’ ~
y » ol s/
i
Smooth j‘ {&:
-

endoplasmic
reticulum

=7

Microtubule

Y < ; 7
CY‘ODIasm/ r p— ’

membrane

Figure 17 : Eukaryotic Animal Cell.
(J. Wu et al. 2013)

4.1.1. Gapl (Gl)

The interphase begin with the Gap 1 stage (G1). During this phase, the cell increases in size,

synthesizes proteins, and produces organelles needed for DNA replication. Alongside, the
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environment is evaluated, checking the amounts of nutrients, growth factors as well as space
separating the cells indicating whether the conditions are favorable for division (Z. Wang 2022).

At the late G1 stage, the cell undergoes a Restriction checkpoint (R) or “the point of no return”.
It often referred as a “decision” window to determine the pursuit of the cell division leading to the
S phase or entering a resting state called GO (Marescal et Cheeseman 2020;Pennycook et Barr
2020). During this stage, the Cyclin D level rises and the protein binds to CDK4 and CDK6 forming
the two major complexes in G1 (Pawlonka et al. 2021). Both complexes induce a partial
phosphorylation of the Retinoblastoma protein (Rb) bound to the inactive transcription factor E2
(E2F) (Chung et al. 2019; S. Kim et al. 2022). Once phosphorylated, E2F free activates the
transcription of the genes required for DNA synthesis such as POLAL encoding for DNA
polymerase oo and PCNA (Pennycook et Barr 2020; Rubin et al. 2020).

The cell also evaluates if the external environment is optimal by checking the presence of
growth factors stimulating the cell cycle progression (Z. Wang 2021). The density of cells all
around is also considered. Indeed, too many cells nearby could trigger a contact inhibition and halt
the cell division (Schnyder et al. 2020). A high level of nutrient such as glucose, oxygen amino
acids is required to promote the cell division. (Yanagida et al. 2011). Most importantly, the DNA
integrity is verified through the Ataxia Telangiectasia Mutated (ATM) and the ATM and Rad3-
related (ATR) pathway before replication. If errors and/or breaks were to be found, the cycle will
halt while repairs are carried out (De Marco Zompit et Stucki 2021). Once a cell passes the R
checkpoint, it will evolve towards the G1/S checkpoint. Cyclin E/CDK2 complex initiates DNA
replication by completing the phosphorylation of the Rb proteins. E2F free activates the genes
required for initiating the DNA synthesis preparing to the cell to enter into the S phase (Fagundes
et Teixeira 2021).

4.1.2. DNA synthesis (S)

Once the R checkpoint and the G1/S checkpoints are through, the cell enters in the Synthesis
phase (S). The primary event of the S phase is the complete replication of the cell’s DNA. Each
chromosome is duplicated to produce two sister chromatids, ensuring an evenly split set of
chromosome repartition between the two daughter cells (Limas et Cook 2019).

The level of the Cyclin A rises and the Cyclin A/cdk2 complex drives the early S phase
(Mailand et Diffley 2005). This complex phosphorylates specific proteins such as the DNA
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polymerase o, 8, the PCNA and the Cell Division Control Protein 6 (Cdc6) promoting DNA
synthesis. This last protein is a key component of the pre-replication complex (pre-RC) (House et
al. 2025). Cdc6 helps to recruit the Minichromosome maintenance helicase (MCM helicase) on the
DNA which is essential for unwinding the double helix (Wei et Zhao 2016). Once the replication
is completed, the cell enters in G2 phase (Eykelenboom et al. 2013).

4.1.3. Gap?2 (G2)

Once the cell has finished replicating its DNA, it enters G2. The goal of this phase is to check
for any DNA damage that may have occurred during replication and to prepare the cell for the
G2/M checkpoint, which allows the cell to enter mitosis (M) (Yam et al. 2022).

During early G2, the Cyclin A/cdkl complex is dominant (Ng et al. 2023). When the cell has
completed its DNA replication, this complex phosphorylates the MCM helicase and Cdc6,
inhibiting their activities and preventing replication from repeating (Amasino et al. 2023).
Meanwhile, the ATR/ATM pathway is activated to check for DNA damage (Blackford et Jackson
2017). During late G2, Cyclin B levels gradually increase and bind to cdkl, forming Cyclin/cdk1,
also called Maturation Promoting Factor (MPF) (Gavet et Pines 2010). This inhibition is removed
by the phosphatase Cell division cycle 25 (Cdc25) allowing the cell to enter Mitosis (Crncec et
Hochegger 2019).

4.2. Mitosis

4.2.1. Prophase

Prophase is the first stage of mitosis, during this phase, the chromatin fibers condense into
visible chromosomes, each consisting of two sister chromatids joined at a central point called the
centromere (Gibcus et al. 2018). During prophase, Condensin | and Cohesion coil the chromatin
fibers more tightly, compacting the DNA (Figure 16 A and Figure 18) (Wood, Severson, et Meyer
2010;John K. Eykelenboom et al. 2024). As the chromosomes condense, the Nuclear Envelope
begins to Breakdown (NEB) (Hashimoto et Tanaka 2021). Meanwhile, the mitotic spindle,
composed of microtubules, starts to polymerase from the duplicated centrosomes that have
migrated, under the action of a crucial the kinesin Eg5, to the opposite poles of the cell (Diaz et al.
2019).
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4.2.2. Prometaphase

In prometaphase, the nuclear envelope collapses, allowing microtubules to bind to the
duplicated chromosomes (Ferreira et Maiato 2021). Kinetochores, composed of the Ndc80
complex and CENP-A/CENP-C, are localized at the centromere and anchor chromosomes to the
mitotic spindle, forming a stable interface (Figure 16 B and C). Two other types of microtubules
exist to form the mitotic spindle positioning the chromosomes: Interpolar microtubules, originating
from opposite centrosomes, overlap in the center of the cell, thus contributing to the separation of
chromosomes and maintaining the stability of the mitotic spindle. Astral microtubules anchor the

spindle poles to the cell membrane (A. F. Long et al. 2019).
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Figure 18 : Chromosomes centromere and kinetochores composition

A.Chromosome centromeres. Cohesin promotes DNA coil to compact the genome. The CENP-A interaction
directly with the chromatid and participate in the forming the binding to the microtubules. B.The left
chromatid is unattached and at the right chromatid can be found the inner and outer kinetochores connecting
the chromatid to the microtubules. C. Amongst proteins binding the chromatid to the microtubule can be
found the Ndc80 complex, CENP-E. Adapted from Cheeseman and Desai 2008

Astonishingly in drosophila, it has been shown that XPD plays a critical role during
prometaphase in addition to its known function in DNA repair (E. Yeom et al. 2015). Indeed, it has

been found that XPD, through its interaction with the protein Galla-1 and Crumb (Crb), forming
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together, the Crb-Galla-XPD (CGX) complex, is essential for proper spindle assembly and
chromosome behavior during this critical mitotic stage. Moreover, studies condected in 2020 have
revealed that, surprisingly XPD interacts with KIp61F, an Eg5 homologue motor protein, to
regulate spindle dynamics (Hwang et al. 2020).

In human cells, during prometaphase XPD has been identified complexed with the protein
MMS19 and the Galla-1, MSS19-Interacting Protein of 18 kDa (MIP18) (also known as FAM96B),
ADP/ATP translocase 2 (ANT?2) and the Cytosolic Iron-Sulfur Assembly Component 1(CIAO1)
forming altogether the MM XD complex (Ito et al. 2010).

Recent studies conducted in the team have revealed that XPD interacts with the kinesin Eg5
which is involved in spindle formation and chromosomes segregation (Compe et al. 2022). The
beginning of this critical partnership begins during the prometaphase and is observed throughout
the final mitotic phase. Overall, these XPD complexes participate to mitotic spindle assembly.

Mutations and/or lack of members of these complexes induce mitotic defect.

4.2.3. Metaphase

Metaphase is a critical stage of mitosis, marked by the precise alignment of chromosomesalong

the metaphase plate, a plane equidistant between the cell’s two poles. This alignment ensures that
each daughter cell will receive an identical set of chromosomes during cell division (Figure 18)
(Oriola et al. 2018). During metaphase, several key proteins work together to ensure that
chromosomes are properly aligned and attached to the mitotic spindle before separation.
During metaphase, several motor and structural proteins work together to organize and stabilize
the mitotic spindle. The kinesin Eg5 pushes the spindle poles apart by generating sliding forces
between antiparallel microtubules to promote spindle bipolarity (Mann et Wadsworth 2019; She et
al. 2020). In contrast, HSET (kinesin-14) generates inward pulling forces to maintain pole cohesion
and balance Eg5's activity (X. Liu et al. 2024). Cytoplasmic dynein which is anchored at the cell
cortex, pull the spindle poles towards the cell's periphery to ensure that the spindle is positioned
correctly within the cell (Raaijmakers et Medema 2014). At the chromosome level, CENP-E and
the Ndc80 complex help to align chromosomes at the metaphase plate and maintain tension at the
kinetochores (Ustinov et al. 2020).
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4.2.4. Anaphase

From metaphase to anaphase, the cell must go through the Spindle Assembly Checkpoint
(SAC) that ensure the proper attachment of chromosome to the microtubules guarantying a good
segregation and distribution of genetic material (M. Wang et al. 2024). the SAC monitors
attachment and tension through proteins like mitotic spindle Assembly checkpoint protein (Mad1-
2), BUB1 Mitotic Checkpoint Serine/Threonine Kinase (Bubl), Bub3, BubR1, and Monopolar
spindlel (Mpsl), delaying progression if errors are detected (Pachis et Kops 2018; T. Kim et
Gartner 2021; Silva et Bousbaa 2022; Elowe et Bolanos-Garcia 2022; Ju et al. 2021). If any
kinetochore is unattached, the Checkpoint is activated, recruiting a Mitotic Checkpoint Complex
(MCC) to the kinetochores (Villarroya-Beltri et Malumbres 2022). The MCC inhibits the
Anaphase-Promoting Complex/Cyclosome (APC/C), preventing the transition from metaphase to
anaphase (Hu et al. 2022). Moreover, Aurora B kinase, corrects faulty attachments by sensing
tension at kinetochores (Titova et al. 2023). Together, these proteins coordinate a highly regulated
process that ensures accurate chromosome segregation and prevents genomic instability. The SAC
delays mitosis until all kinetochores are attached, ensuring correct chromosome alignment (Sinha
etal. 2019). If unattached kinetochores persist, the cell may either undergo apoptosis or experience
'slippage’, exiting mitosis with unresolved chromosome segregation.

Anaphase is a critical stage in cell division characterized by the coordinated separation of
sister chromatids (Figure 18) (Vukusi¢ et Toli¢ 2021). Central to this process are cohesins, which
initially hold sister chromatids together at their centromeres. During anaphase, these cohesins are
cleaved by Separase, enabling the chromatids to separate (Brooker et Berkowitz 2014; Garcia-Luis
et al. 2022). The Anaphase-Promoting Complex/Cyclosome (APC/C), specifically its activator the
Cell Division Cycle protein 20 (CDC20), plays a crucial role by promoting the degradation of
Cyclins, which ultimately triggers the transition from metaphase to anaphase (Kapanidou et al.
2017; Tsang et Cheeseman 2023). Eg5 and dynein participate in the chromatid separation. Once
the chromatids are freed, dynein and kinesin, track them along the spindle microtubules toward

opposite poles of the cell.
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4.2.5. Telophase and cytokinesis

Telophase is the final stage of mitosis, marking the conclusion of nuclear division and the
restoration of the interphase state within the daughter cells ( Summers 2020; Z. Wang 2022).
During telophase, the separated sister chromatids, now individual chromosomes, begin to de-
condense back into their more relaxed chromatin form as the nuclear envelope reassembles around
each set of chromosomes, creating two distinct nuclei within the cell (Antonin et Neumann 2016).
The Cdk1 activity decreases triggering the de-condensation (Jones et al. 2018). The reformation of
the nuclear envelope is facilitated by the recruitment of nuclear laminin filaments that organize and
encapsulate the genetic material (Sapra et al. 2020). Laminin filaments, play a crucial role in
supporting the reassembly of the nuclear envelope. They undergo phosphorylation entering into
mitosis by Cdk1, and during telophase for nucleus reformation, they are dephosphorylated; by
Protein Phosphatase 1 (PP1) and Protein Phosphatase 2 (PP2), allowing them to reassemble into a
network that supports the nuclear envelope (Mehta et al. 2022). Concurrently, the contractile ring
composed of actin filaments, myosin Il, formin and Anillin (ANLN), begins to form at the cell's
equatorial plane in preparation for cytokinesis representing the final separation of the cytoplasmic
contents into two daughter cells (Schwayer et al. 2016). The completion of telophase signals the
end of mitosis, as the cell cycle heads towards cytokinesis and the eventual return to interphase,
setting the stage for cell growth and preparation for the next round of division. The final stage
which is responsible for physically dividing the cell is called cytokinesis. As the furrow deepens,
the cytoplasm is pinched into a narrow bridge, within which a dense structure called the midbody
forms. The midbody serves as a signaling and structural hub, recruiting key proteins like Aurora B
kinase, Centrosomal protein 55 (CEP55), and Endosomal Sorting Complex Required for Transport-
I11 protein (ESCRT-I11) components to coordinate the final separation (Ota et al. 2023; Tandon et
Banerjee 2020; Richard et al. 2024). The last step, known as abscission, is carried out by the
ESCRT machinery, which cuts the membrane at the midbody, fully dividing the two cells.
Throughout the mitotic phases, XPD progresses along the mitotic spindle. The team studies
revealed that during the cytokinesis, XPD is localized at the midbodies. Interestingly, it is not the
only NER protein located in the midbodies. Indeed, recent analysis enlighted that Cockayne
Syndrom A (CSA) and Cockayne Syndrom B (CSB) facilitate ubiquitin-dependent degradation,

triggering abscission (Paccosi et al. 2020).
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Figure 19: Eukaryotic Cell cycle.

The Mitosis stage happen after the G2/M checkpoint. From there, the cell undergoes different phases: the
prophase (Chromosome condensations), the metaphase (Chromosome alignment), the anaphase (the
chromosomes segregates) and cytokinesis (the daughter cells newly formed separates). During these phases,
there is a crucial checkpoint accruing between the metaphase and the anaphase: the Spindle Assembly
Checkpoint (SAC). The SAC is a protein complex verifying the proper positioning and alignment of
chromosomes at the spindle and right attachment to the kinetochores. Once the SAC is passed, the cell can
continue in anaphase.(Adapted from Matthews, Bertoli and de Bruin, 2022)
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Section 3: XPD mutations I1nducing

various pathologies
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Mutations found within the gene ERCC2 coding for the protein XPD are responsible for the
development of rare autonomic genetic disorders: Xeroderma pigmentosum (XP), Xeroderma
Pigmentosum associated to the Cockayne syndrome (XP/CS) and the trichohiodystrophy (TDD).
In this part, the manuscript will present the R683W, G47R, G602D and K48R mutations of XPD.

1. XPD mutations

[R616P| |D673G|
|R601L/W| | |c663R] / |D681N||G713R]

G47R||R112H C259Y| |L485P||R511Q |Y542C! R592P \

xr0 BN K1

T76A |DZ34N|

{A594p| /[R658H|
|(582)EK->VSE| |G602D| |Re66W| |R683W/Q]

Figure 20 : Disease related mutations of the TFIIH subunits XPD.

The red boxes represent the Xeroderma Pigmentosum (XP) mutations. The blue boxes are for the
Trichothiodystrophy (TDD) and the oranges boxes represent the Xeroderma Pigmetosum /Cockayne
Syndrom mutations XP/CS (Dehm et Tindall 2007).

1.1. XPD/R683W

The XPD R683W mutation; is the most frequent mutation identified in patients with Xeroderma
Pigmentosum group D (XP-D). It corresponds to a C-to-T substitution at the first base of exon 22
in the XPD gene translated into the modification of a conserved arginine (R) residue located near
the C-terminal region of the helicase domain in a tryptophane (W) (Figure 20 and Figure 21)
(Boyle et al. 2008; Emmert et al. 2009; Takaoka et al. 2021). This missense mutation destabilizes
the interaction between XPD and other TFIIH subunits, particularly p44, which is essential for
helicase activation. Substitution with tryptophan introduces a bulky, hydrophobic side chain that
likely disrupts local structural integrity and weakens XPD’s association with the TFIIH core (Yan

et al. 2019). Functionally, the R683W mutation impairs DNA repair capacity, leading to
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hypersensitivity to UV-induced damage. Interestingly, cells carrying this mutation also exhibit

defects in chromosome alignment and segregation during mitosis (Compe et al. 2022).

Figure 21 : 3D structure of XPD/R683W

The Arch domain is colored in orange, in purple
the Fe-S domain, in green the HD1 and HD2
domains, while the DNA double helix is
represented in blue and red. The R683W
mutation site is located in the Helicase Domain
(HD2). (PDB: 6RO4).

1.2. XPD/G47R

The XPD G47R mutation, found in patients with Xeroderma Pigmentosum—Cockayne
Syndrome (XP/CS), affects a conserved glycine residue within the ATP-binding pocket of the
helicase domain (Figure 22) (Fujimoto et al. 2005). Structurally, this substitution introduces a
bulky, charged arginine that distorts the local conformation of the ATP-binding site, disrupting
XPD’s ATPase activity and, consequently, its helicase function (Horibata et al. 2015). This impairs
the unwinding of DNA during nucleotide excision repair (NER), reducing the cell’s ability to
respond to UV-induced DNA damage.

Figure 22: 3D structure of XPD/G47R

The G47R mutation, located is located in the
Helicase Domain 1 (HD1) (PDB: 6RO4).
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1.3. XPD/G602D

The XPD G602D mutation, associated with Xeroderma Pigmentosum—Cockayne Syndrome
(XP/CS), affects a conserved glycine within one of the helicase domains critical for DNA
unwinding (Figure 23) (Dubaele et al. 2003; Godon et al. 2012). Structurally, replacing glycine
with aspartic acid introduces a negatively charged residue that disrupts the spatial arrangement of
the helicase core, leading to a loss of enzymatic activity (Fan et al. 2008). This mutation abolishes
XPD’s helicase function, severely impairing nucleotide excision repair (NER) and compromising

the cellular response to UV-induced DNA damage (Vélez-Cruz et al. 2013).

Figure 23 : 3D structure of XPD/G602D

The G602D mutation is located in the
Helicase Domains (HD2) introduicing a
negative charge residue leading to the loss of
the enzymatic activity (PDB: 6ROA4).

1.4. XPD/K48R

The Lysine 48 is a conserved residue within the ATP-binding site of the helicase domain,
essential for stabilizing ATP during catalysis (Winkler et al. 2000; Lehmann 2001). Substituting
the lysine with arginine (Figure 24), despite their chemical similarity, disrupts proper ATP
coordination, resulting in a loss of ATPase and helicase activity (Panchal et al. 2020). Structurally,
the bulk and charge distribution of arginine alters the local conformation of the active site,

impairing XPD’s ability to unwind DNA.
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Figure 24 : 3D structure of XPD/K48R

The K48R mutation in XPD is located in the
Helicase Domain A (HD1).

2. Pathologies associated with XPD’s mutations

2.1.  Xeroderma Pigmentosum (XP)

Originally described in 1874 by Dr MORIZ KOHN KAPOSI, Xeroderma pigmentosum (XP)
is a rare genetic disorder characterized by patients presenting various phenotypes such as an
extreme sensitivity to UVs rays, a premature skin aging, and a significantly heightened risk of
developing skin cancer (Leung et al. 2022). One of the most prominent clinical manifestations is
marked photosensitivity, in which affected individuals exhibit exaggerated cutaneous responses to
minimal UV exposure (Abeti et al. 2019). This results in severe sunburns and erythema after even
brief periods outdoors. The photosensitivity stems from a failure to resolve DNA photoproducts,
such as Cyclobutane Pyrimidine Dimers (CPDs) and 6-4 photoproducts, due to mutations in key
NER genes (Koch et al. 2016). Cutaneous involvement is progressive and severe. Patients
commonly develop xerosis, i.e an extreme dry skin, epidermal atrophy, and lentiginous
hyperpigmentation in sun-exposed areas (Brambullo et al. 2022). Notably, there is a significantly
increased incidence of Non-Melanoma Skin Cancers (NMSCs), including Basal Cell Carcinoma
(BCC) and Squamous Cell Carcinoma (SCC), with onset often occurring in the first decade of life
(Zheng etal. 2023). Melanoma may also develop, with a median onset in the second to third decade.
These malignancies are attributed to cumulative, unrepaired UV-induced mutations in cutaneous
cells. Ocular involvement is also observed in XP patients. Manifestations include photophobia,
conjunctival xerosis, all of which result from chronic UV-induced ocular surface damage and

oxidative stress (Lim et al. 2017).
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2.1.1. Causes

XP is an autosomal recessive pathology caused by mutation found in genes coding for proteins
involved in NER mechanisms. There are seven different types of XP: XPA (XPA), XPB (ERCC3),
XPC (XPC), XPD (ERCC2), XPE (ERCC4), XPG (ERCCS5), XPF (ERCC4) (Yurchenko et al.
2023). Mutations affect the proper function or/and structure of the protein impairing the DNA
damage repair. Mutations found in the gene coding for Polymerase H (POL H) involved in DNA

replication has also been described inducing XP-V (Guo et al. 2013).
2.1.2. Epidemiology

XP is estimated at between 1 and 3/1,000,000 births in Europe and the United State of America
(Nikolaev et al. 2022). Concerning the prevalence of XP, in varies with the countries. In Japan, the
prevalence is significantly higher, with the disease affecting approximately one in 22,000
individuals (Nishigori et al. 2019). It should be noted that almost 1% of the Japanese population
carry one of the many pathogenic variants in the XP-A gene, which explains the frequency and
founder effect of the disease in this country (Hirai et al. 2006). The worldwide prevalence of the
different forms of XP varies according to geographical area. Although XP-C is the most common
form worldwide (43%), the prevalent form of XP varies from region to region. In France, XP-C is
in the majority, followed by XP-A, XP-D and XP-B (Table 4) (HAS 2021).

XP Type Genes United States Japan Europe
XP-E DDB2 3% 3% -
XP-D ERCC2 28% 5% 16%
XP-B ERCC3 1% 0% 2%
XP-F ERCC4 0% 7% 3%
XP-G ERCC5 3% 1% 9%
XP-V POLH 7% 25% 13%
XP-A XPA 9% 55% 20%
XP-C XPC 43% 3% 31%

Table 4 : Prevalence of XP in USA, Japan and Europe

Adapted from the HAS rapport published in 2021
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2.1.3. Treatment

As it is an incurable disease, treatments for XP patients relay on preventive measures such as
photoprotection or surgical removal. To prevent cancerous cells to proliferate, different treatments

can be used.

The 5-fluorouracil (5-FU) is used primarily for the treatment of early skin lesions and skin
cancers (Chen et al. 2018).As a chemotherapeutic agent, 5-FU is effective in targeting and treating
cancerous cells and can be administered topically as a cream or lotion for superficial lesions. 5-FU
functions asan antimetabolite that disrupts DNA synthesis, thereby inhibiting the growth of rapidly
dividing cancerous cells, which is crucial in managing skin cancers in XP patients (Lansiaux 2011;
Chon etal. 2017). Its topical application allows for targeted treatment of affected areas, effectively

reducing the risk of cancer progression.

The Imiquimod is used to treat superficial skin cancers and precancerous lesions, such asactinic
keratosis and superficial basal cell carcinoma (Hossain et al. 2021). The molecule acts as an
immune response modifier, stimulating the local immune system to enhance the body’s ability to
fight off abnormal cells. It is typically applied as a topical cream directly to the affected areas,
promoting the destruction of cancerous and precancerous cells while sparing healthy tissue (Yuan
etal. 2018).

Interferons alpha are a group of proteins that enhance the immune system's ability to fight
infections and tumors (Dirar et al. 2020). They can inhibit the proliferation of cancer cells, promote
apoptosis, and enhance the activity of immune cells. In XP patients, interferon therapy can be
administered either topically or systemically, depending on the extent and type of lesions being

treated.

2.2.  Cockayne syndrome (CS) and XP/CS
Describe for the first time in 1936 by the British physician Dr Edwrad Alfred Cockayne.

Cockayne syndrome (CS) is an autosomal recessive rare genetic disorder characterized by growth
retardation, neurological disorders, motor impairment and diminution of sight and hearing. Patients

faces appear prematurely aged and cachexia (Laugel, s. d.).
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There are three types of CS:

- Type I: The “classical form” Starting at one-year old, the patient begins by presenting
growth retardation, neurological disorders then a diminution of the sight and hearing (M.
A. Nance et Berry 1992).

- Type Il: The most severe form of the disease. It manifests at birth with more severe
neurological disorders and eyes abnormalities (Natale et Raquer 2017).

- Type HI: This type is a milder form (Benkhaira et al. 2021).

CS can be associate with XP (XP/CS) with patients presenting in addition to the previous symptoms

a high skin and eye sensibility to UVs predisposition to develop skin cancers.

2.2.1. Causes:

There are two groups of CS corresponding to the two affected proteins CSA encoded by ERCC8
and CSB encoded by ERCC6 (Okur et al. 2020). Given their involvement in TC-NER, mutation
within CSA and CSB impaired the TC-NER mechanism and the restauration of transcription after
UVs exposition.

Associated with XP the gene affected are ERCC3 coding for XPB (XP-B/CS), ERCC2 coding
for XPD (XP-D/CS) and ERCCS5 coding for XPG 5XP-G/CS).

2.2.2. Epidemiology
Cockayne syndrome is rare disorders with an estimate incidence of 2,7 per 1,000,000 births
in West Europe (Pascucci et al. 2018). No racial or sexual predilection has been declared for CS.
To date, 30 cases of CS-A and 78 CS-B have been identified.

2.2.3. Treatments

The management and treatment of Cockayne syndrome (CS) focuses on alleviating

symptoms and providing supportive care, as there is no cure for the disorder.

Physical therapy is essential for preventing contractures and improving mobility, while
occupational therapy helps enhance fine motor skills and daily living activities such as feeding and

grooming (Karikkineth et al. 2017). Occasionally, medications can be prescribed to manage
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symptoms like tremors and spasticity, ensuring that patients receive the necessary support to

function effectively.

2.3.  Trichothiodystrophy

Trichothiodystrophy (TTD) is a rare genetic disorder primarily characterized by brittle, fragile
hair with low sulfur content (Garon et al. 2023). It may also be associated with developmental
delays, dry and scaly skin (ichthyosis), short stature, photosensitivity, and abnormalities in the nails
and teeth. Symptoms vary from person to person, and some may have more severe forms of the

condition, including frequent infections or signs of premature aging (Stefanini et al. 2010).

2.3.1. Causes

TTD is caused by mutations in proteins involved in DNA repair and gene transcription,
particularly XPD (ERCC2), XPB (ERCC3), p8/TTD-A (GTF2H5) (Tavasoli et al. 2025).

2.3.2. Epidemiology

Trichothiodystrophy is extremely rare, with an estimated prevalence of fewer than 1 in
1,000,000 people worldwide (Compe et Egly 2007). Fewer than 100 cases have been reported in
medical literature. Due to its varied symptoms and similarities with other conditions, some cases

may go undiagnosed or be misdiagnosed.

2.3.3. Treatments

There is currently no cure for TTD. Treatment focuses on managing symptoms and
improving quality of life. This may include gentle hair care, moisturizers for dry skin, physical and
speech therapy, and educational support for developmental challenges. For those with
photosensitivity, strict sun protection is essential (Lambert etal. 2010). A multidisciplinary medical
team is often required to provide individualized care based on each patient’s needs. Recent studies
conducted in patients have revealed the impressive effect of dupilumab on atopic dermatite in TTD
patients (Gruber et al. 2021). In patients with trichothiodystrophy (TTD) who also suffer from
atopic dermatitis, dupilumab may be considered as a treatment option to manage inflammatory skin

symptoms.
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Symptoms/Manifestations TDD XP XPICS
Skin
Photosensitivity yes yes yes
Lentiginous pigmentation no yes yes
Predisposition to skin cancer no yes yes
Eyes
Photophobia yes no yes
Cancer (anterior eye/lids) yes/no yes not reported
Congenital cataract no no no
Pigmentary retinal degeneration no no yes
Somatic
Short nature yes no yes
Immature sexual development yes/no no yes
Neurological disorders
Progessive sensorineural deafness no no yes
Developmental delay yes no yes
Progressive neurological degeneration unreported | no yes
Primary neuronal degeneration no no no
Dysmyelination of brain yes no yes
Cerebral atrophy nol/yes no yes
Cerebellar atrophy no no yes
Calcifocation (basal ganglia) nol/yes no yes
Diseases mecanism
Molecular defects XPB, XPD, | XPA-XPG XPB, XPD, XPG
p8 XPV

Table 5 : Comparison of features of Xeroderma pigmentosum, Trichothiodystrophy and Cockayne

syndrome.

This table provides a comparison of the main clinical features observed in three rare DNA repair
disorders: Trichothiodystrophy (TTD), Xeroderma Pigmentosum (XP), and the combined form XP/CS
(Xeroderma Pigmentosum / Cockayne Syndrome).Each row of the table highlights a specific symptom or
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clinical characteristic, indicating its presence, frequency, or severity across the three conditions. Adapted
Kramer & DiGiovannna & Tamura 2024

XPD is a key component of the TFIIH complex, which plays critical roles in nucleotide
excision repair, transcription initiation, and cell cycle regulation. Alterations in its function are
associated with a spectrum of rare genetic disorders, including xeroderma pigmentosum,
trichothiodystrophy, and combined XP/Cockayne syndrome. These syndromes are characterized
by varying degrees of photosensitivity, cancer predisposition, developmental delay, and

neurodegeneration - reflecting the complexity of the cellular pathways involved.

Understanding how dysfunction of a single protein such as XPD can lead to such diverse
clinical outcomes remains a key challenge. This project aimed to elucidate the molecular
mechanisms by which XPD contributes to genome maintenance and cell regulation, and how its

disruption may drive disease development in XP, TTD and XP/CS.

To address this, the experimental work was structured around two projects. The first
explores XPD interaction with the mitotic kinesin Eg5 in fibroblast of XP patients caring the
R683W mutations.

The second study focuses on three XPD variants - G47R, G602D (identified in XP/CS
patients) and K48R (an artificial mutation). Using cell-based assays, we evaluated how these
variants affect DNA repair efficiency, transcriptional dynamics, and cell cycle progression. The
results provide mechanistic insight into how disruptions in XPD function translate into the

overlapping but distinct features of these syndromes.

Together, these results provide new perspectives on the cellular consequences of XPD

dysfunction and help explain the clinical variability observed in related disorders
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Article 1: Phosphorylation of XPD drives its mitotic role
independently of its DNA repair and transcription functions — Science

Advances
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Presentation and personal contributions

Xeroderma pigmentosum group D (XPD) is a protein with 5°-3” ATP-dependent helicase
activity. It is a subunit of the general transcription factor TFIIH and plays a role in nucleotide
excision repair (NER) by facilitating DNA opening at UV-induced lesions. During transcription,
XPD ensures the integrity of TFIIH and anchors the complex near the promoter of protein-coding
genes. Mutations in XPD lead to UV hypersensitivity and the development of several pathologies,
such as xeroderma pigmentosum (XP), which increases the risk of skin cancer. Independently of
TFIIH, XPD can also interact with other factors. Recent studies have shown the presence of XPD
in the mitotic process, where it interacts with the kinesin Eg5, a key protein in chromosome
segregation during anaphase. However, the role of XPD in mitosis remains poorly defined. A better
understanding of the function of XPD and the effects of its various mutations is crucial for
deciphering the phenotypic diversity associated with XPD mutations and the mechanisms

underlying skin cancer development.

The objective of my first project was to determine the consequences of XPD mutations in

the mitotic process and to assess the role of its enzymatic activity in this mechanism.

First, | participated in a project investigating the presence of XPD during mitosis and its
interaction with the kinesin Eg5, a motor protein involved in mitotic spindle organization. This
work led me to study fibroblasts from XP patients carrying the XPD/R683W mutation, which
exhibit defects in chromosome alignment and segregation. When these XPD/R683W cells

overexpress a wild-type XPD protein (XPD/WT), these defects are corrected.

We then sought to determine the impact of XPD phosphorylation during mitosis. Cells
overexpressing a non-phosphorylable form of XPD exhibited aberrant chromosome segregation,
whereas cells overexpressing a constitutively phosphorylable form did not. This suggests that

phosphorylation of threonine at position 425 is necessary for proper chromosome segregation.

Given the role of XPD in DNA repair and transcription mechanisms, I also investigated the impact
of this phosphorylation in these two processes. Using overexpression approaches with

phosphorylable or non-phosphorylable XPD forms in XPD/R683W-mutated cells, our findings
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suggest that the phosphorylation status of XPD does not influence either cell survival after UV

irradiation or transcription activation.

This first project allowed me to develop plethora ways to study cell division. Indeed, | learned
several methods of cell synchronization using nocodazole, Taxol ad thymidine. | sharpened my eye
into differentiating a defective mitosis from a normal mitotic phase. Going further, | develop
helpful skills in using adapted microscopes (confocal, Zeiss) to better detect the mitotic phases and

all around.
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Phosphorylation of XPD drives its mitotic role
independently of its DNA repair and

transcription functions
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The helicase XPD is known as a key subunit of the DNA repair/transcription factor TFIIH. However, here, we report
that XPD, independently to other TFIIH subunits, can localize with the motor kinesin Eg5 to mitotic spindles and
the midbodies of human cells. The XPD/Eg5 partnership is promoted upon phosphorylation of Eg5/T926 by the
kinase CDK1, and conversely, it is reduced once Eg5/51033 is phosphorylated by NEK6, a mitotic kinase that also
targets XPD at T425. The phosphorylation of XPD does not affect its DNA repair and transcription functions, but it
is required for Eg5 localization, checkpoint activation, and chromosome segregation in mitosis. In XPD-mutated
cells derived from a patient with xeroderma pigmentosum, the phosphomimetic form XPD/T425D or even the
nonphosphorylatable form Eg5/51033A specifically restores mitotic chromosome segregation errors. These results
thus highlight the phospho-dependent mitotic function of XPD and reveal how mitotic defects might contribute

to XPD-related disorders.

INTRODUCTION

The human xeroderma pigmentosum group D gene XPD (also named
ERCC2) encodes an adenosine triphosphate (ATP)-dependent
5'-3" helicase of 760 amino acids (I). This protein is known to be
one of the 10 subunits of the TFIIH (Transcription Factor II H)
complex, which is involved in nucleotide excision repair (NER)
pathway and in transcription mediated by the RNA polymerase II
(RNAPII) (2). In NER, besides its contribution to reveal ultraviolet
(UV)-induced DNA damage, the helicase activity of XPD opens
the double-stranded DNA to further allow the removal of the dam-
aged oligonucleotide by XPG and XPF (Xeroderma Pigmentosum
G and F) endonucleases (1, 3). In transcription, while its helicase
activity is dispensable, XPD has a structural function by bridging
the cyclin-dependent kinase (CDK)-activating kinase (CAK) sub-
complex [containing the cyclin H, MAT (Ménage a trois 1), and
the kinase CDK7] to the core of TFIIH (XPB, p62, p52, p44, p34,
and p8/TTDA) through an interaction with MAT1 and p44,
respectively.

In addition, XPD can be found within TFITH-independent com-
plexes. In particular, XPD can be associated to the CAK without the
presence of the core-TFIIH (4-6). This XPD/CAK association in-
hibits CAK activity (7), which is required during cell cycle by phos-
phorylating CDKs (including CDK1, CDK2, CDK4, and CDK®). In
Drosophila, the Xpd inhibitory action on CAK activity seems to be
circumvented by the association of Xpd to Mms19 (8). XPD and
MMS19 were found in human cells associated with the adenine
nucleotide translocase ANT2 and the cytosolic iron-sulfur protein
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assembly (CIA) machinery factors CIAO1 and macrophage in-
flammatory protein 18 in a complex named MMS19-MIP18-XPD
(MMXD), which contributes to proper chromosome segregation
in mitosis (9). Together, these observations suggest that XPD might
play cellular functions independently of its presence within TFITH.
However, it remains unclear how XPD itself contributes to cell divi-
sion and which molecular mechanisms drive the switch, allowing
XPD to participate to these distinct cellular processes.

Mutations in the XPD gene result in different human autosomal
recessive disorders (online Mendelian Inheritance in Man number:
126340), such as XP and trichothiodystrophy (TTD). Patients with
XP-D develop severe phenotypes including neurological abnormal-
ities and numerous skin defects ranging from excessive freckling to
multiple skin cancers (10). These patients can sometimes develop
XP combined with Cockayne syndrome, which associates XP phe-
notypes with severe dwarfism, mental retardation, and skeletal
abnormalities (11). The principal hallmark of TTD is dry sparse hairs
and brittle nails, but these patients can also develop other symptoms
including ichthyosis, intellectual disability, reduced stature, and hypo-
gonadism (12, 13). Numerous studies were undertaken to determine
the molecular and phenotypic consequences of XPD mutations.
Although, until now, diseases resulting from XPD mutations are
considered to be essentially related to DNA repair disorders (14),
the various XPD functions suggest that defects in other cellular pro-
cesses may contribute the pathophysiological process.

Here, we show that during mitosis, XPD localizes differently to
other TFITH subunits and that it interacts with Eg5, a motor kinesin
protein required for establishing bipolar spindle (15, 16). This XPD/
Eg5 partnership is promoted upon phosphorylation of Eg5/T926 by
the major mitotic kinase CDK1, and conversely, it is reduced once
Eg5/S1033 is phosphorylated by NEK6 (never in mitosis gene A-related
kinase 6). In addition to Eg5, we show that NEK6 phosphorylates
XPD at its threonine-425 (T425) residue, which promotes the asso-
ciation of XPD with the CAK module of TFIIH, revealing a fine-tuned
regulatory process that conditions the partnerships of XPD and in
extenso its role in mitosis. Notably, XP-D patient cells bearing mutations
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affecting the interaction between XPD and Eg5 display defective
mitotic progression including chromosome segregation errors, which
partially result from deficient spindle assembly checkpoint (SAC) ac-
tivation. These mitotic defects are rescued upon overexpression of the
phosphomimetic form XPD/T425D and of the nonphosphorylatable
form Eg5/S1033A. Together, these results highlight a TFITH-independent
mitotic function for XPD that is disrupted when XPD is mutated,
suggesting that in addition to DNA repair and transcription defects,
mitotic deficiencies contribute to XP-D phenotypes.

RESULTS

XPD colocalizes and interacts with Eg5 during mitosis

To gain first insights into the role of XPD during mitosis, we first
analyzed its localization throughout the cell cycle. Confocal micros-
copy analysis of XPD/wild-type (WT) (HeLa) cells (Fig. 1A) showed
that while XPD was mostly nuclear during interphase (images A.1
to A.2; as a factor involved in transcription and DNA repair) (2), its
localization was dynamically changing during mitotic progression.
XPD was essentially nuclear in prophase (images A.5 to A.6), but
during prometaphase (images A.9 to A.10) and metaphase (images
A.13 to A.14), XPD was excluded from the chromosomes with a
substantial fraction being enriched at the mitotic spindle. While its
localization persisted at the mitotic spindle, XPD also localized at
the midzone in anaphase (images A.17 to A.18). XPD enriched at
the midbody in telophase (images A.21 to A.22) contrary to its part-
ner p44 (the regulatory subunit of the XPD helicase within TFITH)
and the CAK module (which phosphorylates CDKs, as well as
RNAPII and nuclear receptors; fig. S1A, images A.1to A4, and A.5
to A.8) (2). Similarly, MMS19 (a partner of XPD within the mitotic
MMXD complex having partial localization at the mitotic spindle in
metaphase; fig. S1B) (9) did not localize at the midbody (fig. S1A,
images A.9 to A.12), highlighting the fact that XPD might be found
in mitosis independently from the CAK, TFIIH, and MMXD. How-
ever, we were surprised to find that XPD partially colocalized with
the key mitotic motor kinesin Eg5 at microtubules in prometaphase
(Fig. 1A, images A.9 to A.12), metaphase (images A.13 to A.16), and
anaphase (images A.17 to A.20) and at the midbody in telophase
(images A.21 to A.28). This colocalization of XPD and Eg5 during
mitosis prompted us to investigate possible partnership between
them. Immunoprecipitation assays from whole-cell extracts of XPD/
WT cells synchronized in mitosis revealed that endogenous XPD
interacted with Eg5 (Fig. 1B, lane 4); note that a truncated form of
human recombinant XPD (XPD 444-760) coimmunoprecipitated
with Eg5 (fig. S1C, lane 5), suggesting that at least the C-terminal
part of XPD might interact with Eg5. In addition, we observed that
deoxyribonuclease 1 treatment of whole-cell extracts from XPD/WT
cells in mitosis did not affect the XPD/Eg5 partnership (Fig. 1C,
lane 3), and the presence of single-stranded DN A, which is known to
tightly bind XPD (17, 18), did not influence the binding of recom-
binant XPD with Eg5 (fig. S1D, lane 5).

Phosphorylation of Eg5 regulates its partnership with XPD

To further understand how XPD and Eg5 interact, we generated a
truncated form of Eg5 (1-897), in which its C-terminal part has been
deleted. Immunoprecipitation assays showed that the Eg5 1-897
truncated form no longer interacted with recombinant XPD (Fig. 2A,
lanes 6 to 10), suggesting that the C-terminal part of Eg5 (amino
acids 898 to 1056) is essential for the XPD/Eg5 partnership. Knowing

Compe et al., Sci. Adv. 8, eabp9457 (2022) 17 August 2022

that the C-terminal part of Eg5 is subjected to phosphorylations
(15), we wondered whether Eg5 might also be phosphorylated by
CDK?7 (as a subunit of the CAK module, which can be associated to
XPD in the absence of core-TFIIH) (4-6). In vitro kinase assays
showed that CAK was unable to phosphorylate Eg5/WT (Fig. 2B,
lane 6). On the contrary, Eg5/WT was phosphorylated by the CDK1
[associated to cyclin B1 (CCNBI)] (lane 7), a posttranslational mod-
ification observed during mitosis (19, 20). Accordingly, Eg5/T926A,
in which the threonine residue T926 has been mutated into alanine,
was not targeted by CDKI1 (lane 8). We next observed that the presence
of XPD did not modify the ability of CDK1 to phosphorylate Eg5
at T926 (compare lanes 7 and 9). We also investigated whether
phosphorylation of Eg5 at T926 might affect its partnership with
XPD. Notably, Eg5/T926D, in which the threonine-to-aspartate
substitution mimics a constitutive phosphorylation (21), enhanced
its binding with XPD relative to Eg5/WT (Fig. 2C, lanes 5 and 6).

Since Eg5 is also targeted by the kinase NEK6 at the serine resi-
due S1033 (a phosphorylation required for proper mitotic spindle
formation) (22), coimmunoprecipitation assays were performed with
purified XPD and different recombinant Eg5 proteins. We first ob-
served that the nonphosphorylatable form Eg5/S1033A had a mod-
erately increased capacity to interact with XPD/WT relative to Eg5/WT
and the phosphomimetic form Eg5/S1033E (Fig. 2D, compare lanes
5to 7). The simultaneous presence of the phospho-mimetic S1033E
and T926D mutations (resulting in Eg5/T926D-S1033E), circumvented
the stimulatory effect of the T926D substitution (Fig. 2E, lanes 7
and 9), suggesting that the phosphorylation status of Eg5 regulates
its partnership with XPD.

Mutations found in patients with XP-D alter

XPD/Eg5 partnership

We next wondered whether mutations found in patients with XP-D
might disturb XPD/Eg5 partnership. The mutations XPD/R112H, XPD/
R683W, and XPD/R722W were selected for their location in either
the N-terminal (/R112H) or the C-terminal (/R683W and /R722W)
part of XPD, their loss-of-function evolutionary effect (which is mixed
for /R112H and /R722W and severe for /R683W) (23), and their
association with either TTD (XPD/R112H and /R722W) or the cancer-
prone disease XP (XPD/R683W). Purified mutant XPD proteins were
first incubated with immunoprecipitated Eg5 (Fig. 3A). After wash-
ing at either 300 or 500 mM salt concentration, XPD/R722W (lanes 7
and 14) and XPD/R683W (lanes 20 to 21) interacted much less with
Eg5 when compared to that obtained with XPD/WT (lanes 5,12, 18,
and 19). The partnership of Eg5 with XPD/R112H was similar to
that observed with XPD/WT (compare lanes 5, 6, 12, and 13), sug-
gesting that mutations located in the C-terminal part of XPD are
detrimental for its interaction with Eg5. Since phosphorylation at
T926 of Eg5 promoted its interaction with XPD/WT (Fig. 2C), we
next investigated whether this phosphorylation modulated the abil-
ity of Eg5 to interact with XPD/R683W. However, contrary to Eg5/
WT, Eg5/T926D did not modify its interaction with XPD/R683W
(Fig. 3B, compare lanes 2 and 4).

Knowing that TFIIH subunits (especially CDK7 and XPB) can
be posttranslationally modified (24, 25), we examined whether any
phosphorylation of XPD might modulate its interaction with Eg5.
We primarily analyzed whether XPD might be phosphorylated by
kinases targeting Eg5, namely, CDK1/CCNB1 and NEK®6. In vitro
kinase assays revealed that XPD was not phosphorylated by CDK1
(associated to CCNBI; Fig. 3C, lane 5) and CDK7 (within CAK,
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Fig. 1. XPD colocalizes and interacts with Eg5. (A) Immunofluorescence analysis of XPD and Eg5 during interphase and different mitotic phases. Human XPD/WT cells
were synchronized by double thymidine block and release, collected 9 hours after release, and analyzed by confocal microscopy at interphase, prophase, prometaphase,
metaphase, anaphase, and telophase/cytokinesis. The arrows point to the localization of XPD at the mitotic spindle, the midzone, and at the midbody. Scale bar, 5 um.
(B) Whole-cell extracts (WCEs) were isolated from XPD/WT cells in interphase and mitosis (cells were treated 16 hours with nocodazole and collected 90 min after noco-
dazole release). After immunoprecipitation with anti-XPD (IP XPD), the coimmunoprecipitated proteins were resolved by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and blotted with anti-XPD and anti-Eg5. The results are representative of two independent experiments. (C) Whole-cell extracts were isolated from XPD/WT
cells in mitosis [as indicated (B)], treated (when indicated, +) with deoxyribonuclease 1 (DNase1) (5 ug), and incubated (16 hours, 4°C) with anti-XPD (IP XPD) or irrelevant
immunoglobulin G (IgG; IP Ctl) bound to magnetic beads. After washes, the coimmunoprecipitated proteins were resolved by SDS-PAGE and blotted with anti-XPD and
Eg5. The results are representative of two independent experiments.
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Fig. 2. Phosphorylation modulates the partnership of Eg5 with XPD. (A) Schematic representation of the entire 1056-amino acid Eg5 protein (with the Motor, Stalk, and
Tail domains) and the truncated form Eg5/1-897; the residues T926 and $1033 (which are phosphorylated by CDK1 and NEK6, respectively) are also indicated. Immuno-
precipitated XPD (IP XPD) was incubated with either entire Eg5 or Eg5/1-897, and after washes, the coimmunoprecipitated proteins were resolved by SDS-PAGE and
blotted with anti-XPD and anti-Egs. (B) Purified Eg5/WT and Eg5/T926A were incubated (as indicated, +) with recombinant XPD, CAK (CDK7/cyclin H/MAT1), and CDK1/CCNB1
in the presence of [y-*2PJATP (0.14 uM). Coomassie blue-stained gel (top) and the corresponding autoradiography (bottom) are shown. (C to E) When indicated (+),
immunoprecipitated Eg5/WT, Eg5/T926D, Eg5/S1033A, Eg5/S1033E, or Eg5/T926D-51033E was incubated with purified XPD/WT. After washes, the coimmunoprecipitated
proteins were resolved by SDS-PAGE and blotted with anti-Eg5 and anti-XPD. The immunoprecipitated signals (IP) for XPD and Eg5 were quantified (n =3, means + SD), and
the ratio XPD/Eg5 were plotted in arbitrary units (au). **P<0.01 and ****P < 0.0001, Student’s t test; n.s., not significant.

lane 7). However, NEK6 turned out to phosphorylate XPD (lane 3).
Direct interaction was observed between recombinant XPD and
NEKG® (Fig. 3D, lane 3), and confocal immunofluorescence microscopy
analysis showed colocalization of XPD and NEKG at the mitotic spin-
dle and spindle poles in the early mitotic stages of prometaphase
and metaphase (fig. S2A, images A.1 to A.4 and A.5 to A.8). Further
experiments showed that contrary to the N- (XPD 1-245,lane 7) and
the C-terminal (XPD 444-760, lane 9) part of XPD, the ARCH domain
of XPD was notably phosphorylated by NEK6 (Fig. 3E, lane 8). Liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS)
next identified the threonine residue T425 as a potential target for
NEK®. As a control, we observed a reduction for the phosphorylation
by NEKG6 of recombinant XPD 245-443 carrying the T425A mutation
(Fig. 3F, lanes 3 and 5), although residual phosphorylation was still
occurring because of the targeting of a residue not identified by LC-
MS/MS or nonspecific phosphorylation following the substitution
of the main phosphorylatable residue T425.

Since the phosphorylation status of Eg5 conditioned its partner-
ship with XPD (Fig. 2, C to E), we then studied what might be the

Compe et al., Sci. Adv. 8, eabp9457 (2022) 17 August 2022

consequences of XPD phosphorylation on its interaction with Eg5.
Coimmunoprecipitation assays showed that recombinant XPD/
WT, XPD/T425A, and XPD/T425D interacted similarly with puri-
fied Eg5 (Fig. 3G), suggesting that the phosphorylation of XPD at
T425 did not influence its interaction with Eg5. However, coimmuno-
precipitation assays using whole-cell extracts isolated from HeLa
(XPD/WT) cells overexpressing either Flag-tagged XPD/WT, XPD/
T425A, or XPD/T425D revealed a stronger interaction of the CAK with
XPD/T425D relative to that with XPD/WT and XPD/T425A (Fig. 3H,
lanes 6 to 8). The interaction with other factors known to bind the
ARCH domain (amino acids 245 to 443) of XPD, such as MMS19
(26) and the XPG NER endonuclease (27, 28), was not modified
by the XPD phosphorylation at T425 (fig. S2, B and C, respectively).
Furthermore, the interaction of core-TFIIH with XPD/WT was not
changed in the presence of either XPD/T425A or T425D (fig. S2D).

Mitosis is perturbed in XP-D patient cells
We then analyzed whether XPD phosphorylation might be altered
in XP-D patient cells. Antibodies against phospho-threonine were
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Fig. 3. Phosphorylation of Eg5 regulates its partnership with XPD. (A) Coimmunoprecipitation at either 300 or 500 mM salt concentration of Eg5 (IP EgS5) with either
XPD/WT, XPD/R112H, XPD/R722W, or XPD/R683W. The ratio XPD/Eg5 were plotted inau (n =3, means + SD). (B) Immunoprecipitated Eg5/WT and Eg5/T926D were incu-
bated with either XPD/WT or XPD/R683W. The graph shows the ratio XPD/Eg5 (n=3, means + SD) in au. (C) Purified XPD was incubated with either recombinant NEK6,
CDK1/CCNB1, or CAK (CDK7, cyclin H, and MAT1) in the presence of [y-zzP]ATP (0.14 uM). Coomassie blue-stained gel containing XPD (top) and the corresponding auto-
radiography (bottom) are shown. (D) Flag-XPD (IP XPD) was immunoprecipitated and incubated with tagged glutathione S-transferase (GST)-NEK6. As control, anti-Flag
magnetic beads were incubated with GST-NEK6 alone. (E) Entire XPD and its truncated forms 1-245, 245-443, and 444-760 were incubated with NEK6 in the presence of
[y-2PJATP (0.14 uM). Coomassie blue-stained gels and the corresponding autoradiographies are shown. (F) The ARCH domain (XPD 245-443) and its mutated form (XPD
245-443/T425A) were incubated with NEK6 in the presence of [y->2PJATP (0.14 uM). Coomassie blue-stained gel and the corresponding autoradiography are shown.
(G) Coimmunoprecipitation of Eg5 (IP Eg5) with either XPD/WT, XPD/T425A, or XPD/T425D. The graph shows the ratio XPD/Eg5 (n =3, means + SD) in au. (H) Coimmuno-
precipitation assays with whole-cell extracts isolated from XPD/WT cells overexpressing either Flag-XPD/WT, Flag-XPD/T425A, or Flag-XPD/T425D. The graph shows the
ratio cyclin H/XPD (gray bars) and MAT1/XPD (open bars; n=3, means = SD) in au. ****P <0.0001, Student’s ¢ test.
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used to immunoprecipitate phosphorylated proteins from whole-cell
extracts of XPD/WT (HeLa) and XPD/R683W (HD2) cells (29, 30),
at interphase and mitosis. Western blot analysis revealed a higher
XPD phosphorylation rate in XPD/WT cells during mitosis than during
interphase (Fig. 4A, compare lanes 2 and 8; see also quantification,
right). Notably, the XPD phosphorylation was reduced both during
interphase and mitosis in XP-D/R683W cells when compared to
that observed in XPD/WT cells (compare lanes 2 and 5, as well as
lanes 8 and 11). Furthermore, XPD phosphorylation weakly increased
between interphase and mitosis in XPD/R683W cells (compare lane
5to lane 11).

These observations prompted us to determine the fate of XPD
and Eg5 along the cell cycle. Western blot analysis of cells synchro-
nously progressing through mitosis revealed that the level of XPD
(as well as of the XPB and cyclin H subunits of TFIIH) did not
change along the mitotic time course and was nearly similar in
XPD/WT and XPD/R683W cells (Fig. 4B, lanes 1 to 5 and 6 to 10,
respectively). No differences were observed between XPD/R683W
and XPD/WT cells for the accumulation of Eg5 or several established
mitotic markers such as Polo-like kinase 1 (which triggers G,-M
transition and establishes bipolar spindle) (31), AURORA B (which
controls condensation of the chromosomes and their attachment to
the mitotic spindle) (32), and H3-pS10 (the mitotic marker phospho-
histone H3 serine-10). Immunofluorescence microscopy analysis of
XPD/R683W cells (fig. S3A) revealed that the localization of mutated
XPD during mitosis did not notably differ from what had been pre-
viously observed in XPD/WT cells (Fig. 1A), with a fraction of XPD
that still colocalized with Eg5 at the mitotic spindle (fig. S3A, images
A.10 to A.12, A.14 to A.16, and A.18 to A.20) and at the midbody
(images A.22 to A.24).

Notably and contrary to XPD/WT cells, XPD/R683W cells dis-
played a large variety of severe mitotic defects, including misaligned
chromosomes at metaphase and lagging chromosomes and chro-
matin bridges at anaphase (Fig. 4C, images C.3 and C4). The total
number of XPD/R683W cells with abnormal mitotic phenotype was
significantly increased (79% versus 23%) relative to XPD/WT cells
(Fig. 4D, open box and black box, respectively). Although protein
overexpression can be harmful to the cells and have limiting effects
(33), we observed that overexpression of tagged XPD/WT-green
fluorescent protein [GFP; as verified by Western blots, Fig. 4D (right);
by immunofluorescence, Fig. 4C (images C.9 and C.10)] rescued the
chromosome segregation errors in XPD/R683W -mutated cells (im-
ages C.7 and C.8; Fig. 4D, gray box); note that the presence of the
GFP tag did not interfere with the ability of XPD to interact with
Eg5, as verified by coimmunoprecipitation assays (fig. S3B). Further-
more, we noticed that the distribution of mitotic stages (Fig. 4E) was
markedly different in XPD/R683W cells (open boxes) when com-
pared to XPD/WT cells (black boxes): reduction of the population
of XPD/R683W cells in prometaphase (14% versus 34%) and meta-
phase (22% versus 41%) and increase in anaphase (41% versus 19%)
and telophase (23% versus 6%). Overexpression of tagged XPD/WT-
GFP restored the distribution of mitotic stages in XPD/R683W cells
(gray boxes), highlighting the deleterious effects of the XPD/R683W
mutation in mitosis.

Phosphorylation of XPD is required for proper mitosis

We next determined whether XPD phosphorylation regulates Eg5
localization and mitotic spindle assembly. Synchronized XPD/WT
and XPD/R683W cells were subjected to immunofluorescence

Compe et al., Sci. Adv. 8, eabp9457 (2022) 17 August 2022

microscopy with antibodies targeting Eg5 and a-tubulin, which
marks the formation and maintenance of the mitotic spindle as a
readout for Eg5 activity (15). When compared to XPD/WT (Fig. 5A,
images A.1to A.5), the XPD/R683W cells (images A.6 to A.10) dis-
played various defective spindle phenotypes, such as bundled mi-
crotubules and unfocused spindle poles [image A.9; quantification,
Fig. 5D (bar 2)], which were accompanied by a reduced Eg5 local-
ization at the mitotic spindle (Fig. 5A, image A.8; Fig. 5C, plot 2).
Defective Eg5 localization on microtubules and the associated mi-
totic spindle phenotypes were rescued upon XPD/WT overexpres-
sion [Fig. 5A (images A.11to A.15); Fig. 5B (lane 2); Fig. 5, Cand D
(plot 3 and bar 3)]. Notably, Eg5 localization and consequent mitotic
spindle defective phenotypes were restored in XPD/R683W cells upon
overexpression of the phosphomimetic form XPD/T425D [Fig. 5A
(images A.21 to A.25); Fig. 5B (lane 4); Fig. 5, C and D (plot 5 and
bar 5)] but not of the nonphosphorylatable XPD/T425A [Fig. 5A
(image A.16 to A.20); Fig. 5B (lane 3); Fig. 5, Cand D (plot 4 and bar 4)].
Furthermore, while the XPD/R683W cells exhibited a higher rate of
chromosome segregation errors than XPD/WT cells (Fig. 5E, bars 1
and 2), overexpression of either XPD/WT or XPD/T425D reduced
these mitotic phenotypes (bars 3 and 5); cytokinesis failure detected
in XPD/R683W cells was also reduced upon overexpression of
either XPD/WT or XPD/T425D (fig. S4A, compare images A.6 to
A.10 with images A.11 to A.15 and A.21 to A.25). No rescue was
observed upon overexpression of XPD/T425A [Fig. 5E (bar 4) and
fig. S4A (images A.16 to 20)]. Together, these results strongly sug-
gest that the XPD phosphorylation drives the proper localization of
Eg5, the correct assembly of the mitotic spindle, and, in extenso, the
faithful chromosome segregation.

To further dissect the mitotic role of XPD, XPD/WT and XPD/
R683W cells were synchronized in prometaphase with nocodazole
(16 hours, 100 ng/ml), washed out, and then collected at different
time points. Western blot analysis revealed that the level of XPD and
cyclin H did not change along the time course and was similar in
XPD/WT and XPD/R683W cells (Fig. 6A). Eg5 accumulated at t =0
in XPD/WT (Fig. 6A, lane 2) and XPD/R683W (lane 7) cells to then
decrease at the end of the time course (lanes 3 to 5 and 8 to 10). The
phosphorylation of Eg5 at T926 by CDK1 followed the premature deg-
radation of CCNB1 in XPD/R683W cells (comparelanes 4 and 5 and
9 and 10). In sharp contrast to XPD/WT cells, the prometaphase-
arrested XPD/R683W cells slightly progressed through mitosis 45 and
90 min after nocodazole release (Fig. 6B, compare bars 3 and 4 and
8and 9), to finally reach interphase at 180 min, while a large majority
of XPD/WT cells were still undergoing mitosis (compare bars 5 and
10), suggesting that XPD/R683W cells might exit mitosis prematurely.

We then checked whether the SAC, a process known to control
the proper segregation of chromosomes during mitosis (34), might
be defective in XPD/R683W cells. XPD/WT and XPD/R683W cells
were treated with Taxol, which stabilizes microtubules and blocks
metaphase to anaphase transition due to SAC activation. Such treat-
ment induced prolonged mitotic arrest in XPD/WT cells (Fig. 6C,
box 1), while in contrast, a significant number of XPD/R683W cells
exited Taxol-induced mitotic arrest (box 4), displaying chromo-
some segregation errors (fig. S5A). The localization of the key SAC
component BubR1 (budding uninhibited by benzimidazoles related
1) (35) to kinetochores [labeled with serum from patients with
CREST (calcinosis, Raynaud phenomenon, esophageal dismotility,
scierodactyly, telangiectasia) scleroderma] was significantly re-
duced in XPD/R683W cells (Fig. 6D, plot 2; Fig. 6, images E.3 and
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Fig. 4. Mitosis is disrupted in XP-D patient cells. (A) Whole-cell extracts were isolated from XPD/WT and XPD/R683W cells in interphase and mitosis (upon nocodazole
treatment and release for 90 min). Immunoprecipitations were performed with eitherirrelevant IgG (IgG irr.) or anti-phospho-threonine IgG (IgG p-Thr). The graph shows the
ratio phosphorylated XPD (XPD p-Thr)/input in normal and XPD-mutated cells (n =3, means + SD) in au. (B) Western blot analysis (n=3) of XPD/WT- and XPD/R683W-mutated
cells synchronized with double thymidine block, released and collected at 0, 4, 6, 8, and 10 hours. glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading
control. (Cand D) XPD/WT cells and XPD/R683W cells overexpressing the tag GFP alone or GFP-XPD/WT were analyzed in mitosis (upon nocodazole treatment and release for
90 min). The arrows point to chromosome segregation errors at metaphase and anaphase. Scale bar, 5 um. (D) Percentage of mitotic cells displaying either anormal ora
defective mitotic phenotype (at least 130 cells per experiment and per condition were counted). n=3, means + SD; ***P <0.001, Student’s t test). Western Blots show
overexpressed Tag GFP and XPD/WT-GFP. (E) XPD/WT cells (black bars) and XPD/R683W cells overexpressing either tag GFP alone (open bars) or GFP-XPD/WT (gray bars)
were analyzed in mitosis (upon nocodazole treatment and release for 90 min). The data are shown as percent mitotic cells in each mitotic stage compared to the total cell
number counted (n= 3, means + SD; at least 130 cells per experiment and per condition were counted; *P < 0.05, **P < 0.01, and **P < 0.001, Student's t test).
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Fig. 5. Phosphorylation of XPD is critical for mitosis. (A) Inmunofluorescence of XPD/WT and XPD/R683W cells in anaphase overexpressing either Flag-XPD/WT, Flag-
XPD/T425A, or Flag-XPD/T425D. Cells were synchronized in mitosis for 16 hours with nocodazole (100 ng/ml) and collected 90 min after nocodazole release. Immuno-
fluorescence analyses were performed with antibodies targeting the Flag-Tag, Eg5, and a-tubulin. Chromosomes were stained with DAPI. The arrows point to mitotic
spindle defects. Scale bar, 5 um. (B) Overexpression of Flag-XPD/WT (lane 2), Flag-XPD/T425A (lane 3), and Flag-XPD/T425D (lane 4) in XPD/R683W cells were analyzed by
Western blots. The level of endogenous XPD can be visualized in nontransfected XPD/R683W cells (lane 1). (C) Relative presence of Eg5 on the mitotic spindle [n =3,
means + SD; two-tailed Student’s t test for sample 1 versus 2 and ordinary one-way analysis of variance (ANOVA) test for sample 2 versus 3, sample 2 versus 4, or sample
2 versus 5; ****P <0.0001]. (D and E) Percentage of cells displaying mitotic spindle defects (D) and with segregation errors (E) (n=3, means + SD; at least 300 cells per
experiment and per condition were counted; *P < 0.05, **P<0.01,and ***P <0.001, Student’s t test).
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Fig. 6. Mitoticslippage in XPD- d patient cells. (A and B) XPD/WT and XPD/R683W cells were synchronized with nocodazole, released, and harvested at indicated
time points. (A) Whole-cell lysates were isolated and used for immunoblot analyses. GAPDH was used as loading control. (B) Fixed cells were mounted and stained with
DAPI. The percentage of XPD/WT and XPD/R683W cells in different mitotic phases was quantified at the indicated time points after nocodazole release (n=2, means + SD;
atleast 200 to 250 cells were analyzed per condition and per experiment). (C) WT (black bars) and XPD/R683W (open bars) cells were treated with Taxol (16 hours, 1 uM).
The percentage of cells arrested in prolonged prometaphase or exited mitosis was quantified (n =3, means + SD; at least 300 cells per experiment and per condition were
counted; ***P <0.001, Student’s t test). (D and E) WT and XPD/R683W cells overexpressing the Flag-Tag alone or fused to either XPD/WT, XPD/T425A, or XPD/T425D were
synchronized in prometaphase with Taxol (16 hours, 1 uM). (E) Immunostaining of BubR1 and kinetochores (stained with CREST). Regions of interest are shown in the
corresponding numbered panels. Scale bar, 5 tm. Unmerged images for Flag-XPD, BubR1, and CREST are provided in fig. S5B. (D) The relative intensity levels of BubR1 on
individual kinetochores were quantified by using the Fiji software (n=3, means + SD; two-tailed Student's t test for sample 1 versus 2 and ordinary one-way ANOVA test
for sample 2 versus 3, sample 2 versus 4, or sample 2 versus 5; ****P <0.0001).
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E.4; fig. S5B, images B.9 to B.16). Notably, the total BubR1 protein
levels remained unchanged between XPD/WT and XPD/R683W
cells (Fig. 6A). The BubR1 localization to kinetochores was restored
upon overexpression of either XPD/WT or XPD/T425D (Fig. 6D,
plots 3 and 5; Fig. 6E, images E.6 and E.10; fig. S5B, images B.17 to
B.24 and B.33 to B.40) but not of XPD/T425A (Fig. 6D, plot 4;
Fig. 6E, image E.8; fig. S5B, images B.25 to B.32), suggesting that XPD

A XPDMWT cells

phosphorylation is critical to maintain a functional mitotic check-
point and to ensure correct chromosome segregation.

Eg5/S1033A circumvents mitotic defects in XP-D cells

We also investigated whether the phosphorylation of Eg5 might, in turn,
affect the mitotic phenotypes observed in XP-D cells. Unexpectedly,
the overexpression of the nonphosphorylatable form Eg5/S1033A

XPD/R683W cells

mCherry-Eg5

«-Tubulin

E
5
5
=
[
<
o
B 1: XPD/WT cells (o}
[J2: XPD/R683W cells
3: XPD/R683W cells + EgS/WT
4: XPD/R683W cells + Eg5/S1033A
I 5: XPD/R683W cells + Eg5/S1033D
- c
100 n.s. 2100
2o pres [
23 g
Eo <
-k o @
S0 £
22 is
g8 g
1 2 3 4 5 [¢]

+ mCherry-Eg5/WT

+mCherry-Eg5/S1033A  + mCherry-Eg5/S1033E

I 1: XPD/WT cells
[J2: XPD/R683W cells

3: XPD/R683W cells + Eg5/WT

4: XPD/R683W cells + Eg5/S1033A
I 5: XPD/R683W cells + Eg5/S1033D

2 3 4 5

Fig. 7. Eg5/5S1033A restores mitotic defects in XPD-mutated patient cells. (A) Immunofluorescence of XPD/WT and XPD/R683W cells overexpressing either tagged
mCherry-Eg5/WT, mCherry-Eg5/S1033A, or mCherry-Eg5/51033Ein anaphase. Cells were synchronized in mitosis for 16 hours with nocodazole (100 ng/ml) and collected
90 min after nocodazole release. Immunofiuorescence analyses were performed with antibodies targeting the mCherry Tag and the mitotic spindle marker a-tubulin.
Chromosomes were stained with DAPI. Arrows point to DNA bridges. Scale bar, 5 um. (B and C) Percentage of cells displaying mitotic spindle defects (B) and segregation
errors (C) (n=3, means + SD; at least 300 cells per experiment and per condition were counted; *P < 0.05, **P < 0.01, and ***P < 0.001, Student's t test).
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in XPD/R683W cells significantly rescued the mitotic spindle and
chromosome segregation defects observed at anaphase [visualized by
the a-tubulin marker and 4',6-diamidino-2-phenylindole (DAPI)
staining, respectively; Fig. 7A (compare image A.7 with A.15 and
A.5 with A.13); quantification, Fig. 7, B and C (bars 2 and 4)] and at
telophase (fig. S6A, images A.5 to A.8 and A.13 to A.16). On the
contrary, overexpression of either Eg5/WT (which might therefore
still be in vivo phosphorylated) or Eg5/S1033E did not modify the
mitotic phenotypes resulting from XPD/R683W [Fig. 7A (images
A9to A.12and A.17 to A.20); Fig. 7, Band C (bars 3 and 5)]. Like-
wise, aberrant chromosome segregation and defective spindle for-
mation observed at telophase were still present in XPD/R683W cells
upon overexpression of either Eg5/WT or Eg5/S1033E (fig. S6A, im-
ages A9 to A.12 and A.17 to A.20). Note that the tagged mCherry-
Eg5/WT, /S1033A, and /S1033E proteins that were expressed at the
same level, associated similarly to the endogenous Eg5 protein (fig.
S6B). Furthermore, although having a lower capacity than XPD/WT
to bind Eg5 (fig. S6C, compare bars 6 to 8 and 10 to 12), we observed
that XPD/R683W exhibited a stronger interaction with Eg5/S1033A
than with Eg5/S1033E (bars 11 and 12). Together, our data suggest
that mitotic defects resulting from mutation of XPD can be restored
by the nonphosphorylatable form S1033A of its partner Eg5.

Phosphorylation of XPD is specifically required for its
mitotic function
We next were wondering whether the phosphorylation of XPD and
Eg5, as well as their partnership, might affect the helicase activity of
XPD, which is absolutely required during DNA repair (2). In the
presence of the regulatory p44 subunit of TFIIH (which promotes
the helicase activity of XPD) (36), XPD/T425A and XPD/T425D re-
combinant proteins exhibited the same helicase activity as XPD/WT
[as observed in an in vitro assay by the displacement of the 5’ **P-
labeled 25-nucleotide (nt) single-stranded DNA annealed to the 52-nt
single-strand DNA; Fig. 8A], suggesting that phosphorylation of XPD
does not affect DNA repair activity. We also observed that addition
of Eg5 modified neither the helicase activity of XPD (Fig. 8B) nor the
removal of damaged oligonucleotides when added in an in vitro NER
assay (containing cis-platinated DNA as a substrate, XPC, XPA, RPA,
XPF/ERCC1, and XPG, as well as XPD, core-IIH, and CAK; fig. S7A).
Knowing that patients with XPD mutations develop photosensitivity
(10), we evaluated the cell viability upon UV irradiation. When com-
pared to XPD/WT cells, XPD/R683W-mutated cells exhibited a lower
survival rate, which was circumvented upon overexpression of either
XPD/T425A, XPD/T425D, or XPD/WT (Fig. 8C). However, no resto-
ration was detected upon overexpression of either XPD/R683W, XPD/
R683W-T425A, or XPD/R683W-T425D (fig. S7B) and of Eg5/WT, Eg5/
S1033A, and Eg5/S1033E (Fig. 8D). Together, the above data suggest
that neither the phosphorylation of XPD nor that of Eg5 can rescue
the deleterious effect of the XPD/R683W mutation in DNA repair.
We also analyzed whether the phosphorylation of XPD and
its association with Eg5 might affect RNA synthesis. In vitro tran-
scription assay [containing the adenovirus major late promoter
(AdMLP) template, RNAPII, TFIIA, -IIB, -D(TBP), -E, -F, core-1IH,
and CAK] showed that addition of either XPD/T425A or XPD/T425D
promoted RNA synthesis with the same efficiency as XPD/WT
(Fig. 8E). Furthermore, in vitro transcription was not altered by the
addition of Eg5 (Fig. 8F). We also investigated the impact of XPD
and Eg5 phosphorylation on the transactivation process by using the
all-trans-retinoic acid (t-RA)-inducible RARB2 gene as a model (37).
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Overexpression of XPD/T425A and XPD/T425D restored simi-
larly to XPD/WT the RARB2 gene expression in XPD/R683W cells
(Fig. 8G), restoration that did not occur upon overexpression of
XPD/R683W, XPD/R683W-T425A, and XPD/R683W-T425D (fig. S7C).
The overexpression of either Eg5/S1033A, Eg5/S1033E, or Eg5/WT
was unable to rescue the RARP2 expression deficiency observed in
XPD/R683W cells (Fig. 8H), which was in accordance with the fact
that Eg5 neither targeted nor influenced the formation of the tran-
scription preinitiation complex (PIC; fig. S7D). Together, our results
demonstrate that DNA repair and transcription are not dependent
on the phosphorylation of both XPD and Eg5, which seems to be
specifically required for mitosis.

DISCUSSION

The present study aims to dissect the role of XPD in mitosis, beside
its key functions in transcription and DNA repair as part of TFIIH. By
establishing a phospho-dependent partnership with the motor ki-
nesin protein Eg5, XPD critically regulates mitotic progression in a
TFIIH-independent manner. XPD mutations lead to chromosome
segregation errors, which might contribute to the development of
clinical features observed in XP-D patients.

In human cells, the protein XPD can be found either associated
to the CAK module, within TFIIH, or as a part of MMXD (7, 9). XPD,
independently of TFIIH and MMXD subunits (fig. S1, A and B),
interacts and colocalizes with the motor kinesin Eg5, especially to
mitotic spindle and midbodies (Fig. 1, A and B) (16). These obser-
vations raise questions on a potential mechanism regulating the abil-
ity of XPD to be either internalized within complex such as TFIIH
or bound to other factors including Eg5. This switch mechanism might
imply coordinated and sequential posttranslational modifications.

In this regard, we found that the mitotic kinase NEK6 (38) local-
izes with XPD in early phases of mitosis (fig. S2A) and phosphory-
lates the ARCH domain of XPD, at position T425 (Fig. 3E). This
phosphorylation affects the ability of XPD to interact with the CAK
module of TFIIH (Fig. 3H) but not with either Eg5 (Fig. 3G) or
other factors such as MMS19, XPG, and the core-TFIIH (fig. S2, B
to D) (26-28). Contrary to NEKG6, neither CDK8 (a subunit of the
transcription complex Mediator) (24, 39), CDK7 (the kinase of the
CAK module targeting transcription factors and mitotic CDKs) (2),
nor CDKI1 (a key mitotic kinase targeted by CDK7) (40) is able to
phosphorylate XPD (Fig. 3C). Notably, we demonstrate that the
phosphorylation of XPD at position T425 is critical for its mitotic
functions (Figs. 5, A to E, and 6, D and E) without affecting its
role in both DNA repair (Fig. 8, A and C) and transcription
(Fig. 8, Eand G). Besides the phosphorylation of XPD and given the
obvious implication of XPD and Eg5 in mitosis, we subsequently
observed that the phosphorylation of Eg5 is critical by modulating
the Eg5/XPD partnership. While the Eg5/XPD interaction is pro-
moted by the phosphorylation of Eg5 at T926 (Fig. 2C), it decreases
when Eg5 is simultaneously phosphorylated at S1033 (Fig. 2E).

A better understanding of the phospho-dependent XPD/Eg5
partnership also came from studies of XPD-mutated forms. XPD
mutations found in most patients with XP-D alter the ability of
XPD to interact with Eg5 (Fig. 3A), which consequently disrupt the
localization of Eg5 on microtubules, as observed in XPD/R683W-
deficient cells (Fig. 5, A and C). This Eg5 mislocalization can be
rescued by the expression of XPD/WT only if it is phosphorylatable
at position T425 (Fig. 5). In addition, the overexpression of the
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Fig. 8. DNA repair and transcription do not require XPD phosphorylation. (A and B) Helicase assays in the presence (+) of p44 and Eg5 and increasing amounts of
XPD/WT, XPD/T425A, and XPD/T425D. Single- and doublestranded DNA are indicated. (C) XPD/WT and XPD/R683W cells overexpressing XPD/WT, XPD/T425A, or XPD/
T425D were treated with increasing doses of UV-C, and cell survival was determined 48 hours later. Data were normalized to unexposed cells (means + SD of two experi-
ments in triplicates). Significant statistical difference (Student’s t test): between XPD/WT and XPD/R683W cells at 5 J/em? (P<0.001) and at 10,20, and 30 J/cm? (P < 0.0001);
between XPD/R683W and XPD/R683W + XPD/WT or XPD/R683W +XPD/T425A cells at 10, 20, and 30 J/cm? (P <0.0001); and between XPD/R683W and XPD/R683W + XPD/
T425D cells at 5 (P< 0.01), 10, and 20 J/cm? (P< 0.0001) and at 30 J/cm? (P < 0.001). (D) XPD/R683W cells overexpressing XPD/WT, Eg5/WT, Eg5/S1033A, or Eg5/51033E
were treated as indicated (C) (means + SD of two experiments in triplicates). Significant statistical difference (Student’s t test) between XPD/R683W + XPD/WT cells and
XPD/R683W, XPD/R683W + Eg5/WT, XPD/R683W + Eg5/S1033A, or XPD/R683W+ Eg5/51033E at 10, 20 (P<0.0001), and 30 J/cm? (P<0.0001). (E) In vitro transcription
assay with AdMLP template, RNAPII, TFIIA, TFIIB, TFIID(TBP), TFIIE, TFIIF core-IIH, CAK and increasing amounts of XPD/WT, XPD/T425A, or XPD/T425D. (F) Transcription
assay with increasing amounts of EgS. (G) RARB2 gene expression (normalized to the GAPDH RNA amount) after 8 hours of t-RA treatment in XPD/WT and XPD/R683W
cells overexpressing XPD/WT, XPD/T425A, or XPD/T425D. The RARA2 mRNA expression is presented as n-fold induction relative to nontreated cells (means + SD of two
experiments in triplicates; ***P< 0.001, Student's t test). (H) RARB2 gene expression in XPD/R683W cells overexpressing either Eg5/WT, Eg5/S1033A, or Eg5/S1033E
(means+ SD of two experiments in triplicates).
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nonphosphorylatable form Eg5/S1033A (which prevents XPD/Eg5
dissociation; fig. S6C) can circumvent mitotic failures (Fig. 7, A to C)
but not DNA repair deficiencies (Fig. 8D) observed in XPD/R683W-
mutated cells. These results suggest that the mitotic defects ob-
served in XPD-mutated cells would notbe related to defective DNA
repair. Moreover, it even seems that functional mitosis might not
require the DNA-dependent helicase activity of XPD (which is
strongly reduced by the XPD/R683W mutation) (41). Although the
mitotic function of XPD may not require its DNA-dependent heli-
case activity and its ability to bind DNA (illustrated by its chromo-
some exclusion in mitosis; Fig. 1A), it would be of interest to
determine whether mitosis might be affected in cells bearing muta-
tions (such as XPD/G47R) located within the ATP-binding site of
XPD. Note that none of the transcription/DNA repair functions of
XPD as a component of TFIITH are affected by Eg5 and this, whatever
its phosphorylated status (Fig. 8, B, D, F, and H, and fig. S7, A and D).
By highlighting the central role played by NEK6, our results suggest
that phosphorylation process conditions the TFIIH-independent
role of XPD in mitosis by acting as a switch mechanism to fine-tune
its partnerships. Note that XPD is not the only component of TFIIH
having mitotic functions. In particular, the CAK subcomplex (via
CDK?7) is known to phosphorylate and activate CDK1, which pro-
motes entry into mitosis (42). Furthermore, TFIIH subunits (in
particular, p52 and XPB) might be implicated in condensing and
maintaining chromosome structure during mitosis in vertebrates
(43) and Drosophila (44, 45).

In addition, to underline the phospho-dependent mitotic func-
tion of XPD apart from its DNA repair/transcription functions, the
present study provides insights into the understanding of the clinical
features observed in patients with XP-D. In particular, by affecting the
Eg5 localization and the microtubule organization (Fig. 5, A to E), the
XPD/R683W mutation has deleterious consequences for mitosis,
resulting in misaligned chromosomes, lagging chromosomes, and
chromatin bridges (Fig. 4, C and D), which likely lead to cytokinesis
defects (fig. S4A) (46). The chromosome segregation errors arise, in
part, from defective SAC (or mitotic checkpoint) since the XPD-mutated
cells bypass mitotic arrest by the microtubule poison Taxol (Fig. 6C)
and prematurely exit mitosis (Fig. 6B), a process termed mitotic
slippage (47) that is clearly illustrated by the premature degradation of
CCNBI (Fig. 6A). In addition to the genomic instabilities resulting
from NER defect, the mitotic slippage evidenced here might con-
tribute to the development of clinical features, especially the high risk
of cancers commonly observed in patients with XP-D (10, 48). In
addition and knowing that processes other than mitosis require Eg5,
such as growth and morphology of postmitotic neurons (49-51),
defective action of Eg5 might contribute to neurological abnormali-
ties of patients with XP-D. Since the clinical heterogeneity observed
between patients with XP-D (52) might result from the combinatory
effects of XPD-mutated forms (53), the effect of different mutated
XPD on DNA repair, transcription, and mitosis process should be
examined in suitable cellular models. Phenotypic recovery by Eg5
might be helpful to compensate the deleterious mitotic effects re-
sulting from XPD mutations.

MATERIALS AND METHODS

Cell counting

Cells (at least 100 per condition and per experiment) were analyzed
in a blinded manner for their chromosomal and mitotic spindle
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phenotypes. Normal and defective (chromosome misalignments,
lagging chromosomes, anaphase/telophase bridges, and polylobed/
abnormal nuclei) chromosomal phenotypes were assessed by DAPI
staining. Normal and defective bipolar mitotic spindle formations
were assessed by o-tubulin staining.

Cell synchronization

Cells were synchronized in different stages of cell cycle by double thymi-
dine block and release protocol. Briefly, 2 mM thymidine was added
twice for 16 hours with an 8-hour interval in fresh medium between the
thymidine treatments. After the second thymidine block was complete,
cells were released in thymidine-free media and collected at the indicated
time points. In addition, cells were synchronized in prometaphase using
nocodazole (16 hours, 100 ng/ml) or Taxol (16 hours, 1 uM).

Cell viability assays

Cells (50,000 cells per well in six-well petri dishes) were exposed to
various doses of UV-C (predominantly 254 nm; Philips TUV lamp).
After 48 hours, the cells were stained with 0.2% Crystal Violet (Sigma-
Aldrich). After washing and drying, the stain was solubilized with
1% SDS and the optical density (595 nm) was measured.

Helicase assays

The helicase assay probe (27) was incubated as indicated (+) with
XPD (/WT, /T425A, or /T425D), p44, and Eg5, in the presence of
ATP. Single- and double-stranded DNA were separated by electro-
phoresis and analyzed by autoradiography.

Immunofluorescence microscopy

Once collected, the cells were centrifuged (on Thermo Scientific
Shandon Cytospin 4 Cytocentrifuge, 5 min at 1000 rpm) and fixed
[4% paraformaldehyde (PFA), 10 min]. After permeabilization (0.5%
NP-40 for 5 min), the cells were washed [phosphate-buffered saline
(PBS)-0.01% Triton], blocked (3% bovine serum albumin, 1 hour),
and subsequently incubated with primary antibodies (see Key Re-
sources Table) in blocking buffer. After washing (PBS-0.01% Triton),
the corresponding secondary antibodies were added. Glass cover-
slips were then added on cells already mounted with either Mowiol
(Calbiochem) or ProLong Gold Antifade agent (Invitrogen) con-
taining DAPL Images were taken with a x63 objective using Zeiss
epifluorescence microscope and/or confocal microscopy (Nikon spin-
ning disk). Image analysis was performed using Image] software.

Immunoprecipitation assays

Depending on the coimmunoprecipitation assays, WT and mutated
forms of Eg5 and XPD were coincubated together with specific
antibodies (as indicated) bound to protein G magnetic beads
(Dynabeads, Invitrogen). After extensive washings, Western blots were
performed using antibodies raised against the proteins of interest.

Kinase assays

Highly purified proteins were incubated 30 min at 30°C with either
recombinant CAK, CDK1/CCNBI, or NEKG6 in the presence of
[y-2PJATP (0.14 uM).

LC-MS/MS analysis

Purified XPD-ARCH domain has been subjected to double diges-
tion with trypsin and chymotrypsin. Samples were analyzed using
an Ultimate 3000 nano-RSLC (Thermo Scientific) coupled in line
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with an LTQ-Orbitrap Elite mass spectrometer via a nanoelectro-
spray ionization source (Thermo Scientific). Peptides were identified
by database searching using SequestHT (Thermo Fisher Scientific)
with Proteome Discoverer 2.4 software (PD2.4, Thermo Fisher
Scientific) on Homo sapiens database (Swiss-Prot; reviewed and re-
leased 6 April 2020; 20,286 entries). Precursor and fragment mass
tolerances were set at 7 parts per million and 0.02 Da, respectively,
and up to two missed cleavages were allowed. Oxidation (M) and
phosphorylation (S/T/Y, +79.966) were set as variable modification.

NER assays

Dual-incision assays were carried out in the presence of ATP (2 mM),
plasmid (Pt-GTG) with single cisplatin adduct, purified XPC/hHR23B,
core-TFIIH, CAK, XPD, XPA, RPA, XPG, XPF/ERCC1, and Eg5
(when indicated).

PIC formation assays

Biotinylated AAMLP bound to streptavidin magnetic beads was in-
cubated with RNAPII, TFIIA, TBP, TFIIB, TFIIF, TFIIE, core-IIH,
CAK, XPD, and Eg5. After several washing, the bound fractions were
resolved by SDS-polyacrylamide gel electrophoresis followed by im-
munoblotting (54).

Plasmid transfections

Transient transfections of cDNAs encoding either mCherry alone,
mCherry-Eg5/WT, mCherry-Eg5/S1033A, mCherry-Eg5/S1033E,
GFP alone, XPD/WT-GFP, Flag-XPD/WT, Flag-XPD/T425A, or
Flag-XPD/T425D were performed using X-tremeGENE9 (Roche)
according to the manufacturer’s instructions.

Purifications of recombinant proteins

The different forms of Flag-Eg5 (/WT, /1-897, /T926A, /T926D,
/S1033A, /S1033E, and /T926D-S1033E) were produced in Escherichia coli.
To purify Flag-MMS19, XPG, core-TFIIH (containing XPB, p62, p52,
p44, p34, and p8), Flag-CAK (Flag-CDK7, cyclin H, and MAT1), and
the different forms of Flag-XPD (/WT, /T425A, /T425D, /R112H,
/R683W, /R722W, /1-245, /245-443, [245-443, 245-443/T425A, and
/444-760), Sf21 insect cells were infected with the corresponding
baculoviruses. The whole-cell extracts were then incubated with
agarose beads bound to either anti-XPG (to immunoprecipitate XPG),
anti-p44 (to immunoprecipitate core-TFIIH), or anti-M2-Flag (to
immunoprecipitate Eg5, MMS19, CAK, and XPD) antibody. The
recombinant proteins were then eluted with the corresponding
epitope peptide.

Reagents and resources

The reagents and resources (antibodies, chemical, cell lines, oligo-
nucleotides, recombinant DNA, primers, software, and materials)
used to accomplish this work are available in Key Resources Table
(Supplementary Materials).

Retrotranscription and real-time quantitative polymerase
chain reaction

Total RNAs (2 pg) were reverse-transcribed by using Moloney
murine leukemia virus RT and random hexanucleotides. FastStart
DNA Master SYBR Green kitand the LightCycler apparatus (Roche
Diagnostics) have been used to accomplish the real-time quantitative
polymerase chain reaction. Primers are available in Key Resources
Table (Supplementary Materials).
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Strength of the SAC response

Cells were treated with Taxol (16 hours, 1 uM) to induce prometaphase
arrest. Cells were next collected by cytospin, fixed (4% PFA, 10 min),
and washed three times with PBS. Fixed cells were mounted and stained
with Mowiol containing DAPI (see Key Resource Table). The strength
of the SAC response was monitored by counting the number of cells
arrested in prometaphase versus the number of cells that displayed
anaphase-like phenotypes based on their DNA morphology.

Transcription assays

After preincubation of the AAMLP template with RNAPII, TFIIA,
TBP, TFIIB, TFIIF, TFIIE, TFIIH, and Eg5, RNA synthesis was ini-
tiated by the addition of nucleoside triphosphate (200 uM), including
radiolabeled cytidine triphosphate (0.15 pM) (55). The transcrip-
tion activity was assessed after 20 min of incubation.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abp9457

View/request a protocol for this paper from Bio-protocol.
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Article 2: Mutations in XPD differently affect transcription,

nucleotide excision repair and mitosis.
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Introduction

Transcription Factor I1H (TFIIH) is a large protein complex containing ten subunits, which can
be resolved into two subcomplexes: the core-TFIIH (including the helicase XPD, the translocase
XPB, p62, p53, p44, p34 and p8) and the CAK subcomplex (including MAT1, Cyclin H and the
kinase CDKY7). Whereas TFIIH has been initially defined as a general transcription factor related to
RNA polymerase Il (RNAPII), it has been shown that TFIIH is also involved in the Nucleotide
Excision Repair (NER) pathway, a DNA repair process implicated in the removal of bulky DNA
lesions generated from UV rays 1. Among the ten subunits of TFIIH, the Xeroderma Pigmentosum
group D gene (XPD, also called ERCC2) encodes an ATP-dependent 5’-3" helicase of 760 amino
acids {Sung, 1993 #2129}. During NER, the helicase activity of XPD contributes first to reveal the
presence of the backbone distortion originated by a DNA lesion resulting from UV light, and then to
open the DNA around the lesion before dual incision?. In the course of transcription initiation, while
its helicase activity is dispensable, XPD has a structural function by maintaining the interaction
between the CAK subcomplex and core-TFITH34,

Intriguingly, the XPD protein is not limited to its presence in TFIIH, as it has been detected in
different TFIIH-independent complexes where it plays additional functions. XPD has been found in
association with the CAK sub-complex independently of the presence of other TFIIH subunits.
{Reardon, 1996 #439}. The binding of XPD to the CAK downregulates the activity of the kinase
module, which is involved in mitotic progression by sequentially phosphorylating -via CDK7- key
mitotic CDKs such as CDK1, CDK2, CDK4, and CDKG6 °>.The XPD/CAK partnership is possibly
prevented by other factors, such as Mms19 (a part of a complex allowing the correct Fe-S cluster
assembly on XPD) as observed in Drosophila ¢7. Xpd has also been discovered in early Drosophila
embryos associated with Crumbs (Crb) and Galla (ortholog of mammalian MIP18) in a CGX
complex, which is required for proper chromosome segregation during nuclear division &. In human
cells, XPD has been observed partnering with MMS19 and MIP18 in a complex named MMXD
(MMS19-MIP18-XPD), which possibly contributes to chromosome segregation in mitosis °. Finally,
XPD has been very recently identified in mitotic human cells as a partner of Eg5, a motor Kinesin
protein required for the establishment of a functional bipolar mitotic spindle *°.

The key role played by XPD is illustrated by the fact that mutations in the XPD/ERCC2 gene
result in different human autosomal recessive disorders, including trichothiodystrophy (TTD) and

xeroderma pigmentosum (XP), which is sometimes associated to Cockayne Syndrome (XPCS).
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Dry, sparse hair and brittle nails characterize TTD, but several other manifestations occur in TTD,
including mental retardation, ichthyotic skin, reduced stature, and hypogonadism %12, While the
principal hallmark of XP is photosensitivity and numerous skin abnormalities (ranging from
excessive freckling to skin cancer predisposition), XP patients can also develop progressive
neurological degeneration?3. When XP is combined with Cockayne Syndrome (XPCS), patients
develop in addition to XP phenotypes severe dwarfism, mental retardation as well as skeletal and
dental abnormalities 4.

Having observed that XPD mutations affect NER 3#, the XPD-associated diseases were
historically considered as DNA repair disorders >16, However, the diversity of XPD functions as
well as the heterogeneity of the phenotypes observed in XP-D patients suggest that cellular
processes other than DNA repair might be affected. Previous studies already revealed that
transcription might be disrupted in fibroblasts isolated from patients 7:181% Furthermore, recent
observations suggested that XPD mutations related to XP might affect mitosis °1.

To date, no systematic study has been undertaken to compare the consequences of diverse XPD
mutations on various cellular processes. This was made difficult by the fact that the used cellular
models are required to transcribe actively, to repair DNA efficiently and to divide regularly.
However, the cells commonly isolated from patients (either fibroblasts or lymphoblasts) and
carrying distinct XPD mutations divide little and have low transcriptional activity, making it
difficult to simultaneous study NER, transcription and mitosis. Furthermore, comparing patient
cells to each other is challenging due to the significant genomic heterogeneity among them. In
addition, the fact that most of the patients are compound heterozygotes adds to the difficulties of
understanding the consequences of each XPD mutation 2°. Therefore, new cell lines with the same
genetic background but carrying different XPD mutations have been generated by using the
CRISPR/Cas9 genome editing method. Several mutations have been selected on the basis of their
position and their impact on protein activity. Among the selected mutations, limited homozygous
cells have been generated while others are still in progress. In particular, we were able to generate
homozygous cells with endogenous GFP-tagged XPD protein bearing the XPD/G47R substitution,
a mutation mostly found in compound heterozygous XP and XPCS patients 212223, Of note, only
one homozygous patient with this variant has been reported to develop cerebro-oculo-facio-skeletal
syndrome (COFS) 24. Located in the Walker A motif for ATP binding, the XPD/G47R mutation
disrupts ATP hydrolysis, which in consequence alters the helicase activity of XPD and thus NER
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4 1t is worthwhile to notice that biochemical analyses also suggested that XPD/G47R mutation
might not alter transcription initiation 4. In addition, we also generated homozygous cells with
endogenous GFP-tagged XPD bearing the synthetic XPD/K48R substitution, a mutation also
located in the Walker A motif for ATP binding 2°.Whereas the XPD/K48R mutation is not found
in patients, different biochemical studies showed that this mutation abrogates the ATPase and
consequently the helicase activity of XPD, without affecting the structure of the protein and the
viability in Saccharomyces cerevisiae 2627, Further experiments also showed that during
transcription initiation, TFIIH containing XPD/K48R supports promoter escape but less actively
than the wild-type form 28 2° We also successfully generated homozygous cells with endogenous
GFP-tagged XPD bearing the XPD/G602D substitution, which is found in compound heterozygous
XP and XPCS patients 3% 3132, This mutation targets a mobile region of helicase motif V that is
implicated in both ATP and ssDNA binding 33. As a consequence, this mutation strongly affects
the helicase activity of XPD and NER #33. On the contrary, basal transcription seems not to be
affected by XPD/G602D “.

Taking advantage of these new cellular models, we initiated a systematic study to compare the
consequences of the mutations XPD/G47R, /K48R and /G602D on NER, mitosis and transcription.
Our results show that these processes are differently disrupted according to the nature of the XPD
mutation, which might contribute to explain the phenotypic diversity associated with each of these

mutations.

Results

Homozygous human osteosarcoma U-20S knock-in (K1) cell line was initially generated by
CRISPR/Cas9-mediated genome editing to express an endogenous fluorescent GFP-tagged version
of XPD (see Methods). Similar genome editing strategy was employed to insert XPD mutations,
especially the recessive mutation ¢.139G>C [p.Gly47Arg] (in exon 3 and found in XP and XPCS
patients) 2124 the synthetic mutation ¢.142A>C;143A>G; 144G>C [p.Lys48Arg] (located in exon
3 that abrogates ATPase activity and could therefore be considered as a control) 2627 and
€.1805G>A;1806C>T [p.Gly602Asp] (in exon 19 and found in XP and XPCS patients) 3032
(Figure 1A).

After sequencing analysis to select homozygous clones with the corresponding expected gene
editing (Figure 1B), Western Blots showed that the level of GFP-tagged XPD/G47R (Figure 1C,
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lanes 3-4), /K48R (lane 5-6) and /G602D (lane 7-8) proteins was slightly reduced when compared
to that observed for XPD-GFP/WT; no reduction was observed for other TFI1H subunits (i.e. XPB,
p52, MAT1). Immunofluorescence analysis next revealed that most of the GFP signal was located
within the nucleus (Figure 1D), suggesting that the C-terminally tagged XPD-GFP/WT (image
D.2), /G47R (image D.4), /K48R (image D.6) and /G602D (image D.8) proteins are correctly
exported into the nucleus {Santagati, 2001 #171}. In addition, the different GFP-tagged proteins
(Figure 1E) coimmunoprecipitated with other subunits of TFIIH (e.g. XPB and Cyclin H),
suggesting that the tagged XPD proteins were properly internalized within the TFIIH complex.

Fluorescence Recovery After Photobleaching (FRAP) experiments were next performed to
evaluate the dynamic mobility of the different GFP-tagged XPD proteins (Figure 1F). Knowing
that incomplete fluorescence recovery indicates immobilization of the fluorescently-tagged XPD
protein to the chromatin {Vermeulen, 2011 #7540}, we observed that the immobile fraction of
either XPD/G47R (13.8 = 5.0%), /K48R (14.5 £ 3.9%) and /G602D (13.3 £ 5.5%) was similar to
that observed for the WT form (13.1 + 4.1%), suggesting that the different mutations do not affect
the mobility of XPD in basal conditions.

XPD mutations similarly alter DNA repair.

Since XPD is intimately implicated in NER 2, further experiments were next undertaken to study
in more details the properties of the mutated XPD-GFP proteins after irradiation. Using live-cell
imaging after femtosecond laser micro-irradiation (see Methods), we first analyzed the dynamic
properties of the GFP-tagged XPD proteins by measuring their real-time accumulation at local
DNA damages (LDD) {Schmalz, 2023 #9879}. Three-photon-mediated photoproducts generation
promoted the rapid relocation to the irradiated area of the XPD-GFP/WT (Figure 2A, the calculated
area under curve -AUC- was 220.7 £ 3.3). On the contrary, a lower accumulation at LDD was
observed for XPD-GFP/K47R (AUC of 158.3 + 3.4) XPD-GFP/K48R (AUC of 139 * 4.0) and
/G602D (AUC of 118 + 3.5).

Cells were next subjected to local UV-C irradiation and the localization of XPD-GFP was
analysed by immunofluorescence (Figure 2B). We first observed that enhanced fluorescence signal
of XPD-GFP/WT emerged in spots of damage (visualized by using antibodies recognizing
cyclobutane pyrimidine dimers -CPDs- lesions) within 30 min following local UV-C irradiation

(Figure 2B, image B.6). On the contrary, a very low signal was observed at local damages for the
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different XPD mutated proteins (image B.15, B-24 and B.33 for XPD/G47R, /K48R and /G602D,
respectively). In addition, while the fluorescent signals of XPD-GFP/WT was reduced two hours
post-UV-C irradiation (image B.9), a slight signal for XPD/G47R (image B.18), /K48R (image
B.27) and /G602D (image B.36) persisted at local damages.

Immunofluorescence-based quantification of CPDs was next performed in the nucleus of XPD
mutated cells at different times post UV-C irradiation (Figure 2C) 34 While repair of CPD lesions
progressively occurred in XPD-GFP/WT cells, our results showed that the different XPD mutated
cells failed to correctly repair CPDs even after 48 hours post UV-C irradiation (Figure 2C). In
parallel, immunofluorescence analyses also revealed that XPD mutated cells had a lower ability to
repair pyrimidine-pyrimidone (6-4) photoproducts (6-4PPs) (Figure 2D). Finally, we observed that
XPD mutant cell lines exhibited reduced viability upon UV-C irradiation compared to WT cells
(Figure 2E). This highlights the deleterious effect of the different XPD mutations on the ability of
mutant cells to properly repair UV-induced DNA damage.
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Figure 1 — characterization of new XPD mutated cell models

(A) Diagram of the human GFP-tagged 760-aa XPD protein with the 7 (I-VI) helicase motifs.
Amino acid changes resulting from either artificial (XPD/K48R) or mutations found in XP and
XP/CS patients (XPD/G47R and /G602D) are depicted. The GFP tag located at the C terminal part
of XPD is indicated.

(B) Schematic representation of the ERCC2 gene encoding XPD and localization of the mutations
(c.139G>C [p.Gly47Arg]) and (c.142A>C;143A>G; 144G>C [p.Lys48Arg]) in exon 3 as well as
of the mutation (c.1805G>A;1806C>T [p.Gly602Asp]) in exon 19 generated with CRISPR/Cas9
methodology. Sequencing analysis confirmed full allelic targeting of the ERCC2 locus in U-2 OS
clones designed as either XPD/G47R, /K48R or /G602D; non-mutated cells (XPD/WT) have been
used as control.

(C) Western blot analyses of XPD in whole-cell extracts (WCE) isolated from U-20S cells
expressing endogenous GFP tagged XPD/WT, /G47R, /K48R and /G602D cells. Vinculin was used
as loading control. The results are representative of two independent experiments.

(D) Immunolocalization of XPD in the nucleus during interphase. Fixed cells were also stained
with DAPI to visualize DNA by fluorescence microscopy. Scale bar, 10pum.

(E) Colmmunoprecipitation (ColP) assays were performed from whole cell extracts with Ab-GFP
cross-linked on magnetic beads, resolved by SDS-PAGE, and blotted with antibodies against XPD,
XPB and cyclin H. The results are representative of two independent experiments.

(F) FRAP analysis of XPD-GFP mobility in XPD/WT, /G47R, /K48R and G602D U-2 OS cells
(n=19 for each cell line). XPD-GFP fluorescence was background-corrected and normalized to
average pre-bleach values, which were set at 1. The graph shows the calculated immobile fractions

for each condition. n.s., not statistically significant (Student’s t test).
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Figure 2

(A) Relative accumulation at local DNA damage (LDD) of endogenously expressed GFP-tagged
XPD/WT, IG47R, K48R and /G602D during the first 180 seconds post laser irradiation. GFP
fluorescence intensity at the LDD was measured over time using live-cell confocal imaging and
normalized to the pre-damage intensity (set to 1). The curves represent the average relative
intensity of 20 cells (mean £ SEM). The graph shows the Area Under the Curve (AUC), which was
measured between 1 and the shelf on the curve. ****P < 0.0001, Student test.

(B) Representative images of XPD/WT (pictures A1-9), /G47R (pictures A10-18), /K48R (pictures
A19-27) and /G602D (pictures A28-36) cells before and 30 minutes and 2h after local UV-C
irradiation (15 J/m?2). CPD and GFP were localized by using specific antibodies. Scale bar: 10 pm
(C-D) XPD-GFP/WT (green), /G47R (blue), //K48R (violet) and /G602D (orange) cells were
labeled with anti-6-4PP (C) or anti-CPD (D) antibodies and signals were quantified using Fiji at
the different times (in hours, h) indicated in the panels. Graph represents the number of lesions
remaining in the genome at different time points normalized to the measure performed immediately
after UV irradiation (as a value of 1; logarithmic scale). The means (red bars + s.d.) for each time
point were obtained from 50 cells (***P<0.001, ****P<0.0001, Student t test; n.s., not significant).
Source data are provided as a Source Data file.

(E) Viability of XPD/WT (green), /G47R (blue), /K48R (violet) and /G602D (orange) cells was
determined 48 hours after irradiation with different UV-C doses. Data were normalized to
unexposed cells (means £ SD of three independent experiments performed in triplicates; significant
statistical difference P<0.0001, Student’s t test, between XPD/WT and the different mutated

lineages).
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XPD mutations differently alter chromosome segregation.

Knowing that XPD participates in chromosome segregation during mitosis 0, we next analysed
the consequences of XPD mutations in this process. Confocal microscopy analysis was first
performed to detail the dynamic changes of XPD localization during mitotic progression (Figure
3A). While XPD-GFP/WT was mostly located within the nucleus in interphase (Figure 1D) and
in prophase (Figure 3A, pictures A.1-2), it was excluded from the chromosomes and randomly
diffused around them with an enrichment at the mitotic spindle during metaphase (pictures A.3-4).
XPD-GFP/WT localization was next enriched at the midzone during anaphase (pictures A.5-6),
which was followed by its enrichment at the midbody in telophase (pictures A.7-8). Strikingly, the
localization during mitosis of mutated XPD-GFP/G47R (pictures A.9-16), /K48R (pictures A.17-
24) and /G602D (pictures A.25-32) did not notably differ from what had been visualized in XPD-
GFP/WT cells. However, and contrary to that observed in XPD-GFP/WT, /G47R and K48R cells,
XPD-GFP/G602D cells displayed mitotic defects, especially misaligned chromosomes at anaphase
(picture A.30). The total number of XPD-GFP/G602D cells with abnormal mitotic phenotypes was
indeed slightly but significantly increased (15 + 2%) relative to XPD/WT cells (95 + 2%) (Figure
3B).

To further determine whether the chromosome segregation errors observed in XPD-
GFP/G602D might result from mitotic premature exit, as previously observed in XPD/R683W
mutated cells 1°, cells were synchronized in prometaphase with nocodazole (16 hours, 100 ng/ml),
washed out, and collected at different time points. Western blot analysis first showed that the level
of mitotic markers, such as Polo-like kinase 1 (Plk1), a protein kinase essential to control mitotic
division 3> and CCNB1 (G2/mitotic-specific cyclin-B1, a key regulatory protein associated to
CDK1 that is essential to chromosome condensation and spindle pole assembly checkpoint) 36
promptly increased at tO to then progressively decreased post-release in a similar way in WT and
the different XPD-mutant cell lines (Figure 3C). In parallel, the level of the motor kinesin Eg5 (a
mitotic partner of XPD required for establishing the bipolar spindle) 123738 similarly accumulated
in the different XPD cell lines at tO and slightly decreased during the time course. In addition, we
observed that the prometaphase-arrested XPD/WT, /G47R, /K48R and /G602D cells similarly
progressed through mitosis 30, 60 and 90 min after nocodazole release (Figure 3D), suggesting that
the XPD-GFP/G47R, /K48R and /G602D do not exit mitosis prematurely, contrary to other XPD
mutated cells such as XPD/R683W cells 0.
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We then checked whether the Spindle Assembly Checkpoint (SAC) occurs correctly in the
XPD-GFP/G602D mutated cells, knowing that SAC controls the proper segregation of
chromosomes during mitosis 3°. Cells were treated with Taxol, a chemical compound that stabilizes
microtubules and consequently blocks metaphase to anaphase transition by actively maintaining
the SAC process (Figure 3E). This treatment induced a prolonged and similar mitotic arrest in
XPD-GFP/WT, /G47R, /K48R and /G602D cells, revealing no premature exit from the mitotic
arrest. All together, these results show that chromosome segregation is defective in cells carrying
the XPD/G602D mutation, as previously suggested in patient fibroblasts °. However, this defective
chromosome segregation does not result from SAC alteration, contrary to what was observed in
XPD/R683W cells 10 suggesting that mitosis might be differently altered depending on the nature

of the selected XPD mutation.
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Figure 3
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Figure 3

(A) Immunofluorescence analysis of XPD during different mitotic phases. GFP-tagged XPD/WT,
IG4ATR, /K48R and /G602D cells were synchronized by double thymidine block and collected 9
hours after release, and analyzed by confocal microscopy at prophase, metaphase, anaphase, and
telophase. The marked localizations of XPD at the mitotic spindle, the midzone, and at the midbody
are indicated by arrows. Images were acquired with the same microscopy system and constant
parameters. Scale bar, 5 um.

(B) Percentage of GFP-tagged XPD/WT, /G47R, /K48R and /G602D cells displaying either a
normal or a defective mitotic phenotype (n=3, means = SD; at least 200 at 500 cells for each cell
line were analyzed; *P < 0.05, Student’s t test; n.s., not statistically significant).

(C) Western blot analysis of Eg5, XPD-GFP, PIkl, CCNB1 in XPD/WT, /G47R, /K48R and
/G602D-mutated cells that were either non-treated or synchronized with nocodazole, released and
collected at 0, 30 and 60 minutes. GAPDH was used as loading control.

(D) GFP-tagged XPD/WT, /G47R, /K48R and /G602D cells were synchronized with nocodazole,
released, harvested 0, 30, 60 and 90 minutes after release, mounted and stained with DAPI. The
percentage (%) of cells in different mitotic phases was quantified at the indicated time points after
nocodazole release (n= 2, means £ SD; at least 700 to 1100 cells were analyzed per cell line and
per experiment).

(E) Percentage of GFP-tagged XPD/WT, /G47R, /K48R and /G602D cells arrested in prolonged
prometaphase or exited mitosis upon Taxol treatment (16 hours, 1 uM) (n = 3, means + SEM; at
least 200 at 250 cells for each lineage were counted; n.s., not statistically significant, *, P<0.05,
Student’s t test).
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XPD mutations disrupt transcription of protein coding genes.

To investigate the transcriptional impact of XPD mutations, we first analysed the ability of the
XPD mutated cells to incorporate alkyne-modified uridine analog 5-ethynyl uridine (EU) into
newly transcribed RNAs (Figure 4A). While the EU labelling was similar in XPD-GFP/WT and
IG47R, a lower incorporation was observed in XPD/K48R and /G602D when compared to that
found in XPD/WT cells, suggesting defective RNA synthesis in these XPD mutated cells.

In order to further investigate the transcriptional effects of XPD mutations, we conducted gene
expression profiling by RNA-sequencing (RNA-seq) analysis. Compared to XPD-GFP/WT cells,
we observed significantly dysregulated genes in all 3 mutant cell types (Figure 4B). Unexpectedly
however, the number of dysregulated genes strongly varied between them. Indeed, while the
number of dysregulated genes was relatively low in XPD-GFP/G47R cells (Figure 4C, left volcano
plot), a much higher number of dysregulated genes was observed in XPD-GFP/K48R and/G602D
cells. Compared to what was observed in XPD-GFP/WT cells, 26, 346 and 258 genes were over-
expressed in XPD-GFP/G47R, /K48R and /G602D cells, respectively (Figure 4C). Strikingly,
whereas only 67 genes showed a significantly lower expression in XPD-GFP/G47R cells, 464 and
972 genes were under-expressed in XPD-GFP/K48R and /G602D cells, respectively (Figure 4C).

Giving the surprisingly strong impact on gene expression of XPD mutations, especially in
XPD/K48R and XPD/G602D cells, we undertook a comparative analysis of the dysregulated genes
and observed significant overlaps (Figure 4D). In particular, over two thirds of genes under-
expressed in XPD-GFP/G47R and /K48R cells were also under-expressed in XPD-GFP/G602D
cells (left Venn diagram). Hypergeometric distribution and representation factor tests strongly
suggested that these overlaps were not due to coincidence but rather pointed at a common
mechanism behind these major transcriptional effects. These observations prompted us to further
analyse the nature of the dysregulated genes and to identify the biological and molecular processes
that might be impacted in the XPD mutated cells. However, Gene Ontology (GO) analysis of
dysregulated genes shared by at least two mutants showed only very slight enrichments of different
biological processes (Figure 4E). The relatively high false discovery rate (FDR) values suggested
that the gene function was not the determinant of dysregulation by XPD mutations. Interestingly,
and contrary to what was observed for the genes commonly over-expressed in the different XPD
mutated cells, we observed that commonly under-expressed genes were significantly enriched in

longer genes (Figure 4F), suggesting that transcriptional elongation might be affected.
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Previous works unveiled that TFIIH mutations might affect the transactivation mediated by
nuclear receptors, a class of DNA-binding transcription factors responsible for sensing hormones
and their metabolites and regulating specific target genes #°. In particular, it has been observed that
upon retinoic acid (RA) treatment, the expression of Retinoic Acid Receptors (RAR) target genes
such as RARB2 expression was affected in XPD mutated cells 7-1°. Rather than focusing only on
RARB2 gene expression, high throughput RNA sequencing analysis was performed to determine
the global impact of XPD mutations on the expression of RAR-target genes. After RA treatment
(6h, 1uM), we observed that the number of repressed and induced genes differed between the
various cell lines (Figure 5A and 5B). We observed an induction (Adj. p-val < 0.05 and FC > 2) of
roughly 300-400 genes in all four cell types (Figure 5A and 5B). Notably however, many of the
383 upregulated genes in XPD-GFP/WT cells were found to be less induced (and in a few cases
not induced at all) in the XPD mutant cells (Figure 5D). This was especially clear in the XPD-
GFP/K48R and /G602D cells, where roughly 60 out of the 383 upregulated genes by RA in XPD -
GFP/WT cells displayed a lesser induction (Figure 5D). Interestingly, we also observed that 172
genes were commonly induced in the different cell lines after RA treatment (Figure 5C). However,
whereas the level of upregulation of these 172 common RA-target genes was similar in XPD-
GFP/WT and /G47R, a weaker induction of many of these genes was observed in the XPD-
GFP/K48R and /G602D cells (Figure 5E). This observation prompted us to compare, among the
172 common upregulated RA-target genes, the ones with weaker induction post RA treatment (log2
(FC)<-0.5 as threshold) in XPD-mutated cells versus XPD-GFP/WT cells (Figure 5F-G). There
was significant overlap in the weaker induced genes between the different XPD mutant cells
(Figure 5F). Strikingly, an enrichment of genes encoding long mRNA was observed among the
less induced genes (Figure 5G). Collectively, these data showcase the systematic gene expression
defects related to XPD mutations (especially XPD/K48R and G602D) and point towards a potential

transcriptional elongation deficiency.
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Figure 4

(A) To follow transcription mediated by RNAPII, RNAs were labelled by 5EU incorporation.
Transcription block of RNAPI was simultaneously achieved by treatment with actinomycin D. As
control, cells were treated with 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB) for 24
hours to block transcription by RNAPII (****, P<0.0001, Student’s t test).

(B) Heatmap depicting all significantly dysregulated genes in the XPD-mutated cell lines compared
to XPD-GFP/WT cells, determined by RNA-Seq. Dysregulated genes were defined as log2(Fold
change, FC) > 1 or < -1 and adjusted P-value < 0.05. Values represented as log2(FC) with relative
color schemes.

(C) Volcano plots showing the number of either under- or over-expressed genes in the XPD-
mutated cells when compared to XPD-GFP/WT cells.

(D) Venn diagram comparing significantly over-expressed (left panel) or under-expressed (right
panel) coding genes in XPD-mutant cell lines. Representation factor and hypergeometric p-values
are represented.

(E) Gene Ontology (GO) analysis of the over- (left panel) or lower- (right panel) expressed genes
shared by at least two XPD-mutant cell lines, as identified in (D). The histogram shows the top
dysregulated biological processes according to the FDR and fold enrichment.

(F) Transcript length analysis of over- (left panel) and under- (right panel) expressed genes shared

by at least 2 mutants compared with all other genes in the genome. P-value is indicated.
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Figure 5

(A) Volcano plots determined by RNA-Seq showing the level of genes expression upon RA
treatment (6h, 1 uM) in the different cells. Dysregulated genes were defined as log2(Fold change
FC) > 1 or < -1 and adjusted P-value < 0.05.

(B) Heatmap depicting all significantly dysregulated genes after RA treatment in the different cell
lines. Values represented as log2(FC) with relative color schemes.

(C) Venn diagram comparing significantly upregulated genes by RA treatment in indicated cells.
(D) Scatter plot depicting relative expression levels of the 383 genes upregulated by RA treatment
in the different XPD-GFP cell lines. Error bars indicate mean values + SD. Two-way ANOVA test
was used to determine the p-values (vs. XPD-GFP/WT; **** P<0.0001).

(E) Scatter plot depicting relative expression levels in the indicated cell lines of the 172 genes
commonly upregulated after RA treatment, as identified in (C). Error bars indicate mean values +
SD. Two-way ANOVA test was used to determine the p-values (vs. XPD-GFP/WT; ****
P<0.0001).

(F) Venn diagram comparing genes with weaker induction post RA treatment in either XPD-
mutated cells than in XPD-GFP/WT cells (Difference in log2(FC) <-0.5). Representation factor
and hypergeometric p-values are represented.

(G) Transcript length analysis of genes with weaker induction after RA treatment in either XPD-
mutant cell line than in XPD-GFP/WT cells. P-value is indicated.

105



Discussion

The present study aims to dissect in a cellular context the impact of XPD mutations in DNA
repair, mitosis and transcription. While the studied mutations similarly affect NER, they differently
disrupt mitosis and transcription, highlighting the fact that the heterogeneity of the clinical features
associated to XPD mutations can result from heterogenous alterations in different cellular
processes.

Mutations in the TFIIH complex, especially in its subunits p8/TTDA, XPB and XPD, are
related to different autosomal recessive disorders, including XP, XPCS and TTD . While only few
mutations have been identified in p8/TTDA (mutations that are only related to TTD) and XPB
(mutations related to either XP, XPCS or TTD), more than 70 distinct protein alterations
(associated to either XP, XPCS or TTD) have been identified in ERCC2/XPD 32. The vast majority
of the mutations found within XPD are clustered in the C-terminal third of the protein and no
specific disease-related domains can be highlighted, as adjacent mutations can result in distinct
phenotypes. In addition, most of the XP-D patients are compound heterozygotes with a
combination of different alterations on both ERCC2/XPD alleles. In this context, it is relatively
difficult to apprehend the impact of each mutation and putative biallelic effects might be difficult
to distinguish from the influence of the genetic background. Consequently, a large program has
been initiated (in collaboration with the TACGENE platform of the French National Museum of
Natural History) to produce new cellular tools with the same cellular background (U-20S) by using
CRISPR/Cas9-mediated gene editing strategy. To date, different XPD mutated cell lines are
already available. This is particularly the case for the cellular models presented here that harbour
either the point mutation XPD/G47R, /K48R or /G602D (Figure 1A). It is worth noting that other
mutations were initially selected on the basis of their position and effect on XPD activity. This was
particularly the case of the point mutation XPD/R683W, which is found in homozygous and
compound heterozygous XP patients 2041, Extensively studied at a biochemical level, the
XPD/R683W mutation is known to destabilize the partnership between XPD and its catalytic p44
subunit, which disrupts the integrity of TFIIH and affects the enzymatic activity of XPD 47, While
we successfully generated cells bearing either the G47R, K48R or G602D point mutations on both
XPD/ERCC2 alleles, it has been however unrealizable to generate homozygous cells with the
XPD/R683W mutation. Of note, our genome editing strategy has been controlled several times and

we obtained many clones harboring the R683W substitution on one allele and the wild-type form
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on the second ERCC2/XPD allele. Although poorly understood, the lack of viability of
XPD/R683W homozygous clones could be linked to the nature of the cells used (i.e. osteosarcoma
U-20S cells). Other experiments are currently being developed using retinal pigment epithelial
hRPE-1 cells, which is a non-cancerous cell-type that can be an alternative to the U-20S cancer
cell line for CRISPR/Cas9 genome editing strategy.

During the characterization of the different XPD mutated cell lines, a slight reduction of the
amount of the XPD/G47R, /K48R and /G602D mutated proteins has been observed (Figure 1C).
This reduction was not accompanied by a lower amount of other TFIIH subunits, and the integrity
of the TFIIH complex was preserved (Figure 1E). Interestingly, a slight reduction of the amount of
TFIIH subunits was previously observed in fibroblasts isolated from compound heterozygous
patients bearing either the XPD/G47R or /G602D mutation {Botta, 2002 #104}. However, the
reduction of TFIIH subunits in XPD/G47R and /G602D fibroblasts was much less pronounced to
that observed in cells bearing XPD mutations related to TTD {Botta, 2002 #104}. Here, we cannot
exclude that the slight reduction of XPD-GFP/G47R, /K48R and /G602D might contribute to the
lower accumulation of the fluorescent signal at local DNA damages just after laser micro irradiation
(Figure 2A). The slight reduction cannot however explain the inability of XPD mutated cells to
fully repair UV-induced lesions several hours after irradiation (Figures 2C-D), which might be due
to defects in NER activity. Previous observations showed that the XPD/G47R mutation affects the
ATPase activity of XPD, which in turn disrupts its helicase activity and consequently DNA opening
around the lesion 4. Similarly, ATP hydrolysis is abrogated by the XPD/K48R mutation, which in
turn affects the repair of UV lesions > (Figures 2C-D). For its part, the XPD/G602D mutation
directly disrupts the helicase activity of XPD and thus NER 4. It is therefore not surprising to find
that NER is deeply affected in the different cell lines (Figures 2C-D). What is more interesting is
that our results suggest that XPD/G47R, /K48R and /G602D equally affect NER, leading to the
same level of viability of the different XPD mutated cells after increasing UV-C doses (Figure 2E).
While our results clearly illustrate the fact that NER is deeply disrupted in the different cell lines,
it would nevertheless be interesting to carry out other experiments to better characterize NER
defects in these cellular models. FRAP approaches will allow us to assess the level of
immobilization of the different XPD mutated forms after UV-C irradiation. Our
immunofluorescence assays 2h post local UV-C irradiation (which need to be repeated to better
visualize the accumulation of XPD at CDP lesions), suggested that XPD-GFP/G47R, /K48R and
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/G602D persisted at local DNA damages (Figure 2B, pictures B.18, B.27 and B.36, respectively).
FRAP analyses will thus allow us to measure the immobilization of the XPD-GFP mutated forms
at different times post UV-C irradiation. Interestingly, it has been recently suggested that prolonged
binding of TFIIH to DNA damage might correlate with disease severity 4. It would be therefore
interesting to determine how the different XPD mutated forms persist at local DNA lesions.
Contrary to NER, mitosis seems to be differently affected by XPD mutations. Indeed, while
no clear mitotic abnormalities have been observed in XPD-GFP/G47R and/K48R cells, we
measured a higher number of abnormal mitotic phenotypes (including lagging and misaligned
chromosomes) in XPD-GFP/G602D cells (Figure 3B). Of note, abnormal mitotic spindle formation
has been previously observed in compound heterozygous fibroblasts bearing the XPD/G602D
mutation as well as in XPD/R683W mutated cells °°. Interestingly, it has been shown that
defective mitotic progression in XPD/R683W mutated cells might partially result from deficient
activation of the spindle assembly checkpoint (SAC) 1°, a mechanism that contributes to coordinate
mitotic progression by controlling the state of chromosome attachment to the mitotic spindle 3°.
However, we did not observe similar SAC alterations in XPD/G602D mutated cells (Figure 3E),
suggesting that the SAC might be differently affected according to the nature of the XPD mutation.
Previous observations also showed that mitotic progression is affected in XPD/R683W mutated
cells 19, However, the XPD/G47R, /K48R and /G602D cells did not show mitotic premature exit
(Figures 3C-D). Taking together, the results already obtained suggest that mitosis might be
differently affected according to the nature of the XPD mutation. Although we cannot exclude that
mitotic alterations observed in XPD/G602D cells might be the consequences of defects in other
cellular mechanisms, further investigations should be performed to better determine the impact the
XPD/G602D substitution in mitosis. It would be relevant to analyse whether the XPD/G602D
mutation disrupts the ability of XPD to interact with Eg5, a motor Kinesin protein strongly
implicated in the bipolar mitotic spindle formation 3’. Indeed, previous results showed that XPD
can interact with Eg5 and mutations located in the C-terminal part of XPD (such as XPD/R683W)
are known to affect their partnership 1038 Defective XPD/EQ5 interaction can lead to Eg5
mislocalization on microtubules, which disrupts the mitotic spindle structure and chromosome
segregation. Consequently, it would be of interest to perform coimmunoprecipitation and pulldown

assays to analyse the partnership between Eg5 and XPD/G602D. In parallel, immunofluorescence
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analyses will allow us to examine Eg5 localization as well as the mitotic spindle formation in
XPD/G602D mutated cells.

In addition to their effects on NER and mitosis, our results revealed that XPD mutations
differently affect transcription. Previous works showed that XPD mutations can impact
transcription of specific genes by disrupting TFIIH integrity (such as XPD/R683W and /R722W)
1813 The different mutations studied here are known to particularly affect the activity of XPD,
which is not required in transcription, at least during initiation 42>, To better understand the
molecular impact of these XPD mutations in transcription, further investigations should be
undertaken. We first would like to confirm the dysregulation of specific genes by performing
quantitative RT-PCR. In parallel, western blots analyses will allow us to determine the
consequences at a protein level of the dysregulation of specific genes. While gene function does
not appear to be a prerequisite for the dysregulation caused by XPD mutations (Figure 4E), it seems
that the expression of genes encoding long RNAs is particularly affected by XPD mutations
(Figures 4F and 5G). Therefore, it would be also interesting to study the recruitment of transcription
factors to DNA. Chromatin Immunoprecipitation coupled to sequencing (ChIP-seq) should be
undertaken to identify genome-wide DNA binding sites for distinct transcription factors, including
RNAPII (by targeting its RPB1 subunit) and TFIIH (notably XPD-GFP). It would also be possible
to analyse epigenetic marks such as the acetylation of the lysine residue at N-terminal position 27
of the histone H3 protein (H3K4me3), which is commonly found at proximal and distal regions of
transcription start sites (TSS) and widely considered as an active transcription mark. This work
would be performed in basal conditions as well as post RA treatment. ChlP-seq will be
complementary to our RNA-seq analysis, since comparative analysis will allow us to determine
whether defective gene expression in XPD mutated cells is related to defective recruitment of the
transcription machinery along genes bodies. In parallel, the fact that RNA synthesis (Figure 4A)
and expression of genes encoding long RNAs are defective in XPD mutated cells (Figures 4F and
5G) prompt us to perform nascent RNA-seq analyses, which will allow us to measure genome-wide
changes in nascent RNA production #3. Different time points would allow us to evaluate the
efficiency of RNA synthesis by RNAPII, which will permit to determine whether defective

elongation might occur in XPD mutated cells.
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Taking together, our results suggest that NER, mitosis and transcription might be differently
altered depending on the nature of the XPD mutation. This contributes to the phenotypic variability
observed in patients bearing these different mutations. As detailed in the discussion, further
experiments should be undertaken to improve the quality of this work. We expect to submit a final
version of the manuscript soon.

This work highlights the relevance of our strategy based on the development of new cellular
models that permit to study and compare the impact of different mutations in various cellular
processes. This is of prime interest knowing that XPD seems to be implicated in other cellular
mechanisms than NER, mitosis and transcription. Indeed, it has been recently showed that, under
oxidative stress, an enhanced recruitment of XPD occurred into mitochondrial compartment 44.
Such relocation of XPD into mitochondria seems to protect mitochondrial genome stability by
facilitating an efficient repair of oxidative DNA damage. Accordingly, our cellular models would
allow us to determine what could be the impact of different XPD mutations on mitochondrial
genome stability. In addition, recent results revealed that TFIIH prevents telomere replication
problems by interacting with TRF1, a protein of the shelterin complex that protects chromosome
ends %°. However, the molecular functions of TFIIH and the consequences of XPD mutations during
telomere replication still remain largely elusive. Our cellular models might help us to better
apprehend the roles played by TFIIH in telomere replication and to determine whether XPD
mutations might affect this process. Finally, the results obtained from the cellular models already
generated prompts us to develop new cell lines bearing other mutations in XPD as well as in XPB
and p8/TTDA. It would be also interesting to generate compound heterozygotes cell lines bearing
distinct mutations that will allow us to clearly and finely determine the synergic impact of

mutations in different cellular processes.
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Materials and Methods

Generation and culture of cell lines. U-20S osteosarcoma cells endogenously expressing GFP
tagged XPD were previously generated and cultured in DMEM with 1g/L glucose supplemented
with 10% FCS and 40 pg/mL gentamicin at 37°C in a 5% CO2 atmosphere. To perform gene
editing, 2.10° cells were transfected by electroporation with DNA donor (containing the edit of
interest), Cas9 and guide RNA (gRNA). The cells were then sorted by FACS 3 days post-
transfection to generate single-cell clones. Digital PCR has been first performed to screen cells
bearing expected substitution and Sanger sequencing was next performed to confirm clones

carrying the expected gene editing.

Cell counting. The different cell lines were analyzed in a blinded-manner for their chromosomal
and mitotic spindle phenotypes. Normal and defective chromosomal phenotypes were assessed by
DAPI staining.

Cell synchronization. Double thymidine block and release (DTBR) protocol was used to
synchronize cells, as previously described 0. Cells have also been synchronized in prometaphase
using Nocodazole (16h, 100ng/ml) or Taxol (16h, 1uM).

Cell viability. Cells (250 000 cells per well in 6-well petri dishes) were exposed to different doses
(5, 10, 20 and 30 J/cm?) of UV-C (Philips TUV lamp, 254nm) and maintained 48h in normal
condition of culture. After staining with Crystal Violet (0.2%, Sigma), washings and drying, the

stain was solubilized with 1% SDS to measure optical density (595nm).

Fluorescence recovery after photobleaching (FRAP). FRAP experiments were conducted with a
Leica TCS SP8 microscope and immersion objective under the same excitation conditions
described above. An image size of 256 x 25 and a zoom factor of 3 were used to achieve a frequency
of 10 images per second. Ten pre-bleach images and 50 post-bleach images were acquired.
Photobleaching was performed at 100% power using the 488 nm Argon laser for 160 ms in a
circular region of 3 um within the nucleus. The mobility of GFP-tagged proteins was analyzed by

quantifying the recovery of the signal in the bleached region using custom FiJi macros. The
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immobile fraction was determined from normalized measurements as the inverse of the
fluorescence plateau. The mean values between 5 and 7 seconds (final UV average) were
calculated, and the immobile fraction was determined using the following formula: F_imm=1 -

(final UV average).

Western blot and co-immunoprecipitation assays. Western Blot analyses were undertaken from
whole cell extracts in RIPA buffer. Co-immunoprecipitations assays were performed using GFP-
trap magnetic beads (ChromoTek). After several washes, bound proteins were resolved by SDS-

PAGE and detected with antibodies targeting the proteins of interest.

Laser-induction of local damage and live-cell confocal microscopy. Confocal TCS Leica SP8
upright microscope (Leica Microsystems) with a Ti:Sapphire laser option (Chameleon Vision Il,
Coherent) was used for fluorescence time lapse recording as well as for induction of DNA damage
through three-photon irradiation. Cells were maintained at 37°C during imaging and data were
collected using a Leica HCX IRAPO L 25x, 0.95 NA water immersion objective. Time lapse
recording was performed using the FRAP wizard of the LASX confocal microscope control
software. DNA damages by laser microirradiation were induced by three-photon absorption using
the Ti:Sapphire laser set at 800nm, power set to 55% transmission intensity, 72% EOM gain,
corresponding to 260mW measured at the back focal plane of the objective. Two or three pixels
thick rectangular ROIs were scanned through the nucleus with 2 iterations. At least one cell was

preserved from three-photon irradiation and was used for photobleaching quantification.

Immunofluorescence-based DNA lesion quantification. Cells were irradiated with UV-C (15 J/m?)
and maintained in normal condition of culture for different recovery time intervals. Prior to
labeling, DNA was denatured (2 M HCI) and blocked in 10% Fetal Calf Serum. Cyclobutane
pyrimidine dimers (CPD) and 6—4 photoproducts (6—4PP) were then immunolabelled using anti-
CPD and anti-6-4PP antibodies, respectively. Following image acquisition, signal intensity was
quantified by ImageJ software to determine the percentage of CPD and 6—4PP removal (100%

represents the % of lesions measured just after UV irradiation).

112



Reagents and Resources. The reagents and resources (antibodies, chemical, cell lines,
oligonucleotides, recombinant DNA, software and materials) used to accomplish this work are

available in the Key Resources Table.

EU incorporation. 5-ethynyl uridine (EU) labelling (1h, 1uM) of newly formed RNA in 1.10°
cells was performed using the Click-iT RNA Alexa Fluor 596 imaging kit (Invitrogen).
Transcription block of RNAPI was simultaneously achieved by treatment with actinomycin D
(50ng/ml). As control, cells were treated in parallel with 5,6-dichloro-1-beta-D-
ribofuranosylbenzimidazole (DRB) for 24 hours to block transcription by RNAPII. Microscopic
images were taken with a Leica DM 4000 B equipped with a CoolSnap FX monochrome camera

and the intensity of the EU signal was quantified using Fiji software.

Bulk RNA-Seq and analysis. Library preparation was performed at the GenomEast platform at
the Institute of Genetics and Molecular and Cellular Biology using TruSeq Stranded Total RNA
Reference Guide PN 1000000040499. Total RNA-Seq libraries were generated from 700ng of total
RNA using TruSeq Stranded Total RNA Library Prep Gold kit and TruSeq RNA Single Indexes
kit A and B (lllumina, San Diego, USA), according to manufacturer’s instructions. Briefly,
cytoplasmic and mitochondrial ribosomal RNA (rRNA) was removed using biotinylated, target-
specific oligos combined with Ribo-Zero rRNA removal beads. Following purification, the
depleted RNA was fragmented into small pieces using divalent cations at 94°C for 8min. Cleaved
RNA fragments were then copied into first strand cDNA using reverse transcriptase and random
primers followed by second strand cDNA synthesis using DNA Polymerase | and RNase H. Strand
specificity was achieved by replacing dTTP with dUTP during second strand synthesis. The double
stranded cDNA fragments were blunted using T4 DNA polymerase, Klenow DNA polymerase and
T4 PNK. A single ‘A’ nucleotide was added to the 3’ ends of the blunt DNA fragments using a
Klenow fragment (3’ to 5’exo minus) enzyme. The cDNA fragments were ligated to double
stranded adapters using T4 DNA Ligase. The ligated products were enriched by PCR amplification.
Surplus PCR primers were further removed by purification using AMPureXPbeads (Beckman-
Coulter) and the final cDNA libraries were checked for quality and quantified using capillary
electrophoresis. Libraries were sequenced on an Illumina HiSeq 4000 sequencer as single read 50

base reads. Image analysis and base calling were per formed using RTA version 2.7.7 and bcl2fastq
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version 2.20.0.422. Reads were preprocessed to remove adapter and low-quality sequences (Phred
quality score below 20). After this preprocessing, reads shorter than 40 bases were discarded for
further analysis. These preprocessing steps were performed using cutadapt version 1.10. Reads
were mapped to rRNA sequences using bowtie version2.2.8 and reads mapping to rRNA sequences
were removed for further analysis. Reads were mapped onto the hg38 assembly of Homo sapiens
genome using STAR version 2.5.3a. Gene expression quantification was per formed from uniquely
aligned reads using htseq-countversion 0.6.1p1, with annotations from Ensembl version 75 and
“union” mode. Only non-ambiguously assigned reads have been retained for further analyses.
Read counts have been normalized across samples with the median-of-ratios method proposed by
Anders and Huber to make these counts comparable between samples. Comparisons of interest
were performed using the Wald test for differential expression and implemented in the
Bioconductor package DESeq2 version 1.16.1. Genes with high Cook’s distance were filtered out
and independent filtering based on the mean of normalized counts was performed. P-values were
adjusted for multiple testing using the Benjamini and Hochberg method. Volcano plots were
generated using the Prism10 statistical software (GraphPad). Heatmaps were generated using
Morpheus software (https:// software.broadinstitute.org/morpheus). Venn diagrams were generated
using DeepVenn (*}) and representation factors and hypergeometric P-values were determined

using Graeber lab software (https://systems.crump.ucla.edu/hypergeometric/). Geno Ontology and

Transcript Length was performed using ShinyGO (https://bioinformatics.sdstate.edu/go/).
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The work presented in this manuscript has advanced our understanding of the molecular
and cellular consequences of mutations in the XPD protein, a key 5’-3” helicase subunit of the
TFIIH complex. XPD plays essential roles in NER, transcription, and, more recently, has been

implicated in processes related to cell division.

While diseases associated with XPD mutations such as Xeroderma Pigmentosum, the
combined Xeroderma Pigmentosum /Cockayne Syndrome, and Trichothiodystrophy) have long
been attributed solely to defects in DNA repair, our findings demonstrate that the functional impact

of XPD mutations extends well beyond that single pathway.

1. DNA Repair: Findings and Future Directions

Our results show that all XPD mutations examined G47R, K48R, and G602D similarly
impair NER. Live-cell imaging following femtosecond laser micro-irradiation revealed a
significantly reduced recruitment of mutant XPD-GFP proteins to sites of DNA damage, compared
to wild-type. This observation was supported by immunofluorescence analysis, which showed low
or delayed accumulation of mutant XPD at CPD lesions and persistent presence at damage sites
even two hours post-irradiation. Importantly, these recruitment defects were associated with
inefficient repair of both CPDs and 6-4PPs, as well as reduced cell viability following UV-C
exposure. While the integrity of the TFIIH complex appeared preserved, the impaired recruitment
and defective enzymatic activity of mutant XPD proteins—particularly their compromised helicase
or ATPase functions—Ilikely underlie the NER deficiencies. Interestingly, all three mutations
produced a comparable level of NER disruption, suggesting that the nature of the defect may lie in
a common mechanistic bottleneck within the repair pathway.

To further clarify the dynamics of this defect, future work will involve FRAP-based
analyses to evaluate the immobilization and residence time of the mutated proteins at DNA lesions.
This may help determine whether prolonged or defective binding of TFIIH correlates with impaired
repair Kkinetics and potentially with disease severity. Additional quantitative imaging and
biochemical studies will also be necessary to better understand the interaction of mutant XPD with
other NER factors and to refine the molecular map of how specific mutations disrupt the repair

process.
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2. Mitosis: Findings and Future Directions

Our findings demonstrate that mutations in XPD differentially affect mitotic processes,
particularly chromosome segregation. Confocal microscopy revealed that the dynamic localization
of XPD-GFP during mitosis was preserved across all variants studied—including G47R, K48R,
and G602D showing enrichment at the mitotic spindle during metaphase, at the midzone in
anaphase, and at the midbody during telophase, comparable to wild-type XPD. However, a
significant increase in mitotic abnormalities, such as misaligned chromosomes, was specifically
observed in XPD/G602D cells. In contrast, no such defects were detected in G47R or K48R mutant
cells. To investigate whether these segregation errors were associated with premature mitotic exit,
as previously described in XPD/R683W mutant cells, synchronized progression assays were
performed following nocodazole treatment and release. Western blot and microscopy analyses
indicated that all XPD-mutated cell lines progressed through mitosis with kinetics comparable to
wild-type, and no premature exit was observed. Furthermore, Spindle Assembly Checkpoint
integrity was confirmed by sustained mitotic arrest following Taxol treatment in all tested lines,
indicating that SAC function remains intact in XPD/G602D cells.

These results suggest that the mitotic defects associated with the G602D mutation arise
independently of SAC disruption or global mitotic timing alterations. A plausible hypothesis is that
this mutation impairs specific molecular interactions required for proper spindle function. In light
of previous reports indicating that XPD interacts with the mitotic motor protein Eg5 an essential
component of bipolar spindle assembly and it is conceivable that the G602D substitution
compromises this interaction. Accordingly, future work will involve co-immunoprecipitation and
pulldown assays to evaluate the physical association between XPD/G602D and Eg5. In parallel,
immunofluorescence-based localization studies of Eg5 will be conducted to assess potential
mislocalization and structural abnormalities in the mitotic spindle. These investigations will
provide further insight into how distinct mutations in XPD contribute to mitotic errors and
chromosomal instability, thereby offering a more nuanced understanding of the molecular basis

underlying the phenotypic diversity associated with XPD-related syndromes.
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3. Transcription: Findings and Future Directions

Collectively, our findings indicate that XPD mutations exert differential but significant
effects on transcriptional regulation, particularly in the context of protein-coding genes.
Incorporation assays using 5-ethynyl uridine (EU) revealed a marked reduction in nascent RNA
synthesis in cells expressing the XPD/K48R and XPD/G602D variants, in contrast to XPD/G47R
cells, which displayed RNA synthesis levels comparable to wild-type. Transcriptome-wide RNA
sequencing further substantiated these observations, uncovering widespread gene expression
alterations in XPD-mutated cells. Notably, the extent of transcriptional dysregulation varied across
mutations, with XPD/G47R associated with minimal changes, whereas XPD/K48R and
XPD/G602D exhibited a substantial number of both up- and downregulated genes. Comparative
analyses revealed significant overlap among dysregulated gene sets, suggesting the existence of a
shared molecular mechanism underlying the observed expression changes. Interestingly, gene
ontology analysis failed to identify coherent functional enrichment, while transcript length emerged
as a critical parameter, with long genes being disproportionately downregulated. These results
strongly implicate a potential deficiency in transcription elongation as a consequence of impaired
XPD function. Further evidence in support of this hypothesis was obtained under conditions of
transcriptional induction. Following retinoic acid (RA) stimulation, XPD/K48R and XPD/G602D
cells exhibited a blunted induction of RA-responsive genes relative to wild-type and XPD/G47R
cells. A subset of RA target genes, particularly those with longer transcripts, displayed significantly
reduced activation, reinforcing the notion that XPD mutations compromise transcriptional
elongation rather than initiation. Taken together, these data suggest that XPD plays a supportive
role in facilitating efficient transcription elongation, particularly in the context of complex gene
architectures or transcriptionally demanding conditions.

To explore these mechanistic insights in greater depth, a multi-tiered experimental strategy will be
employed. gRT-PCR and western blot analyses will be performed to validate RNA-seq results and
assess changes at the protein level. Chromatin immunoprecipitation followed by high-throughput
sequencing will be conducted to map genome-wide occupancy of key transcriptional components,
including RNA polymerase II, TFIIH subunits (e.g., XPD-GFP), and active chromatin marks such
as H3K4me3. These analyses will be performed both under basal conditions and following RA
stimulation, thereby enabling the identification of potential defects in recruitment or retention of

the transcriptional machinery. In parallel, nascent RNA sequencing will be utilized to directly
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assess RNA polymerase Il elongation dynamics across gene bodies. By integrating these
complementary approaches, we aim to delineate the specific contribution of XPD’s enzymatic
activity to transcriptional fidelity and to determine the extent to which elongation defects may
underlie the pathological manifestations associated with XPD mutations.

Altogether, this study provides novel insights into the several cellular functions of XPD and
emphasizes the functional heterogeneity associated with different disease-linked mutations. By
demonstrating that mutations in the same gene can differentially affect distinct cellular pathways,
this work contributes to a better understanding of the molecular basis of the phenotypic variability
observed in  TFIlIH-related syndromes, including xeroderma pigmentosum (XP),
trichothiodystrophy (TTD), and Cockayne syndrome (CS).
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The plasticity of cancer cells facilitates their ability to adopt heterogeneous
differentiation states, posing a significant challenge to therapeutic interven-
tions. Specific gene expression programs, driven in part by super-enhancers
(SEs), underlie cancer cell states. Here we successfully inhibit SE-driven tran-
scription in phenotypically distinct metastatic melanoma cells using next-
generation synthetic ecteinascidins. Through functional genomic methodol-
ogies, we demonstrate that these compounds inhibit the expression of genes
encoding lineage-specific or ubiquitous transcription factors/coactivators by
selectively targeting the CpG-rich sequences within their promoters and/or
enhancers. This prevents the formation of transcription factor/coactivator
condensates necessary for SE-dependent gene expression. Consequently,
these compounds exhibit cytotoxic activity across distinct subpopulations of
metastatic melanoma cells and inhibit tumor proliferation, including those
resistant to current therapies. These findings extend to other cancers, like
small cell lung cancer, recently approved for ecteinascidin-based treatment.
Overall, our study provides preclinical proof that pan-inhibition of SE-
dependent genes with synthetic ecteinascidins is a promising therapeutic
approach for tumors with heterogeneous transcriptional landscapes.

Inrecent years, the concept of ‘transcriptional addiction’ has emerged
as a hallmark of cancer cells. Indeed, dysregulated gene expression
programs and their associated transcriptional regulatory machinery
play crucial roles in sustaining cancer cell phenotypes, thereby ren-
dering them susceptible to transcriptional inhibitors'”. One of the
primary mechanisms contributing to gene expression dysregulation in

cancer cells involves the aberrant acquisition of large clusters of
enhancers known as “super-enhancers” (SEs), which drive and maintain
the robust expression of oncogenes. SEs are characterized by the
aggregated histone modifications H3K27ac and H3K4mel, over longer
genomic distances compared to typical enhancers®’. Moreover, SE-
dependent oncogene transcription requires the activity of ubiquitous
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transcription factors (e.g., the Cyclin Dependent Kinase 7 (CDK7) of
TFIIH) and transcriptional coactivators (e.g., Bromodomain-containing
protein 4 (BRD4)), and is maintained by core autoregulatory feedback
loops involving master transcription factors and the Mediator
complex®. Recent evidence has demonstrated that SEs form phase-
separated biomolecular condensates, concentrating the transcription
apparatus in nuclear puncta to drive the high expression of their
regulated oncogenes’. Targeting these oncogenic SEs and their spatial
organization has emerged as a potential therapeutic strategy'’.
Therefore, several compounds aiming to disrupt factors involved in
oncogenic SE-driven gene expression, including CDK7 and BRD4
inhibitors, have entered clinical trials'">. However, they have had lim-
ited success due to poor pharmacokinetics and short half-lives” .

Cutaneous melanoma is often cited as a prime example of tran-
scriptional addiction due to its frequent dysregulation of specific
transcription factors and signaling pathways that drive its aggressive
behavior and resistance to treatment” *’. Despite significant advances
in developing inhibitors targeting the mutated MAPK signaling path-
way (BRAFi and MEKi), along with the introduction of immune
checkpoint inhibitors targeting programmed cell death protein 1
(PD-1) and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), this
cancer remains the most lethal form of skin cancer. Indeed, more than
50% of metastatic melanoma patients either do not initially respond or
eventually acquire resistance to these therapies’ *. Melanoma cells
evade conventional therapeutic strategies by transitioning between
melanocytic/differentiated states, governed by SE-dependent genes
essential for cell proliferation, such as the lineage-specific master
transcription factors Microphthalmia-associated transcription factor
(MITF) and the SRY-box transcription factor 10 (SOX10), and
mesenchymal-like/undifferentiated states, governed by key regulator
genes such as the AXL Receptor Tyrosine Kinase (AXL) and the Activator
Protein (AP-1)/TEAD genes implicated in targeted therapy/immu-
notherapy resistance and invasion'****". This phenotypic adaptation/
switch, facilitated by dynamic transcriptional and epigenetic repro-
gramming mechanisms in response to microenvironmental cues,
complicates treatment outcomes'*” and underscores the need for
therapeutics that can uniformly target divergent transcription pro-
grams governing different tumor cell states™.

Ecteinascidins, a group of natural compounds derived from
marine organisms, particularly tunicates, have garnered significant
attention due to their anticancer properties*. Synthetic ecteinascidins
refer to compounds that are chemically synthesized to mimic the
structure and biological activity of natural ecteinascidins. These syn-
thetic compounds are designed to retain the anticancer properties of
natural ecteinascidins while potentially offering advantages such as
improved potency, selectivity, and pharmacokinetic properties. A
notable member of this class is lurbinectedin, derived from the natural
compound trabectedin. Lurbinectedin acts as a DNA binder and tran-
scriptional inhibitor*** Itis the firstmolecule approved by the FDA for
the treatment of relapsed small-cell lung cancer (SCLC) in the last
decade, showcasing the considerable potential of synthetic ectei-
nascidins as anticancer compounds™.

In this work, in an effort to potentially enhance the benefits of
these DNA binders, we develop next-generation synthetic ecteinasci-
dins and test these compounds on melanoma cells due to their well-
established transcriptional addiction and propensity for treatment
resistance. Our study demonstrates potent anti-proliferative and
apoptotic effects of these next-generation DNA binders on differ-
entiated and undifferentiated BRAF, NRAS, and triple-wild type muta-
ted melanoma cells in various in vitro 2-D and 3-D models and in cell-
derived xenograft (CDX) mouse models. We further observe that these
compounds potently inhibit a set of genes encoding ubiquitous tran-
scription factors/coactivators through binding to the CpG islands
located in their promoters and/or enhancers. These factors are highly
enriched at cell-specific SEs, regulating the expression of cancer-

promoting genes. Consequently, synthetic ecteinascidins disorganize
the phase-separated condensates of transcription factors/coactiva-
tors, inducing a pan-inactivation of SEs in melanoma cells irrespective
of their cell state and driver mutations. This mechanism of action is not
observed with BRAFi, MEKi, or DNA-damaging agents such as dacar-
bazine. Intriguingly, we demonstrate that this uncovered mechanism is
also operative in clinically relevant scenarios, such as the treatment of
SCLC cells with lurbinectedin, thereby explaining the clinical efficiency
of this compound.

Results

Lurbinectedin shows notable efficacy against distinct melanoma
cell types

To ascertain the cytotoxic effects of the first-in-class synthetic ectei-
nascidin lurbinectedin (Fig. 1a) on melanoma cells, we first conducted a
dose-response analysis across ten metastatic melanoma cell cultures
representing the two primary phenotypes and encompassing the most
prevalent driver mutations. We evaluated primary differentiated
melanocytic-type cultures derived from patient biopsies, including
MMOI11 (NRAS®™), MM074 (BRAF'**), MM117 (Triple-wt), alongside
commonly used metastatic melanoma cell lines 501mel (BRAF'*%),
IGR37 (BRAF'®") and SkMel-28 (BRAF'°™) (Table 1). These cells
demonstrated moderate to high expression levels of the lineage-
specific master transcription factors MITF and SOX10, while showing
low to undetectable expression levels of the pro-metastatic factors
EGFR and AXL"'"™" (Fig. 1b). Additionally, we examined primary
undifferentiated metastatic mesenchymal-like melanoma cell cultures
derived from patient biopsies, including MM029 (BRAF'°*), MM047
(NRAS®™) and MM099 (BRAF'®"), along with the undifferentiated
metastatic mesenchymal-like melanoma cell line IGR39 (BRAF'°%).
These cells exhibited low to undetectable levels of MITF and SOXI0,
but elevated expression levels of EGFR and/or AXL".

We observed varying sensitivities of these metastatic melanoma
cells to clinically utilized targeted therapy agents, such as the BRAF
inhibitors (BRAFi) vemurafenib and dabrafenib, as well as the MEK
inhibitor (MEKi) trametinib (Fig. lc-e and Table 1). Differentiated
BRAF'*™t melanoma cells were the most responsive to these com-
pounds, whereas undifferentiated cells displayed high resistance. In
stark contrast, all melanoma cells showed high sensitivity to lurbi-
nectedin, with IC50 values in the low nanomolar range, from 0.44 to
2.07 nM (Fig. 1f and Table 1). Furthermore, we generated vemurafenib-
resistant cells 501mel*“™* and MM074"™" by exposing initially sen-
sitive cells to increasing drug concentrations in vitro (Fig. 1c and
Table 1)"*. These cells acquired a hyperpigmentation phenotype and
exhibited cross-resistance to dabrafenib (in the case of MM074""**)
and trametinib (Fig. 1d, e and Table 1), yet remained highly sensitive to
lurbinectedin (Fig. 1f and Table 1).

Collectively, these findings underscore the heightened sensitivity
of melanoma cells to lurbinectedin, regardless of cellular phenotypes
or driver mutations.

Next-generation ecteinascidins show high cytotoxic effects on
melanoma cells

In our pursuit of enhancing the anti-cancer efficacy of synthetic
ecteinascidins, we synthesized and assessed next-generation com-
pounds. These molecules, named ecubectedin and PM54, exhibit dis-
tinct chemical structures in the non-DNA-binding moieties™.
Ecubectedin features a substituted spiro-B-carboline, while PM54
contains a spiro-benzofuropyridine (Fig. 2a, b). Spiro compounds
often exhibit enhanced biological activities due to their rigid and
three-dimensional structures, which canlead to improved interactions
with biological targets. The introduction of a spiro-benzofuropyridine
in PM54 is particularly relevant because this moiety was not previously
identified in natural ecteinascidins. These unique three-dimensional
shapes can contribute to increased selectivity for specific biological
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Fig. 1 | Metastatic melanoma cells show high sensitivity to lurbinectedin.

a Chemical structure of lurbinectedin, the first-in-class synthetic ecteinascidin
containing tetrahydroisoquinoline subunits. The moiety of the molecule interact-
ing with DNA is indicated. Molecular Weight (MW) is indicated. b Protein lysates
from either the immortalized Hermes3A melanocytes, differentiated melanoma
cells 501mel, MMO11, MMO074, MM117, IGR37 and SKMel-28 or undifferentiated
melanoma cells MM029, MM047, MM099 and IGR39 were immuno-blotted for
proteins as indicated. Molecular mass of the proteins is indicated (kDa). Source
data are provided as a Source Data file. This experiment was repeated indepen-
dently three times with similar results. c-f Indicated melanoma cells were treated
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with increasing concentrations of vemurafenib ¢, dabrafenib d, trametinib e, or
lurbinectedin f for 72 h. Mean growth is shown relative to vehicle (DMSO)-treated
cells. Error bars indicate mean values +/- Standard Deviation (SD) for three biolo-
gical triplicates. Differentiated (MITF-High, proliferative) melanoma cellsare shown
in blue, while undifferentiated (MITF-low, invasive) melanoma cells are shown in
red. Hyperpigmented melanoma cells with acquired resistance to vemurafenib are
shown in green. Immortalized Hermes3A melanocytes, skin keratinocyte HaCaT
and embryonic fibroblastic MRCS cells are shown in violet. Source data are pro-
vided as a Source Data file.
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Table 1| Melanoma cell sensitivity against MAPKi and synthetic ecteinascidins
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targets, reducing off-target effects and warranting further investiga-
tion. We observed that all melanoma cells displayed high sensitivity to
these next-generation synthetic ecteinascidins, with IC50 values in the
low nanomolar range, spanning from 0.7 to 5nM (Fig. 2¢, d and
Table 1). Notably, the non-cancerous Hermes3A immortalized mela-
nocytes, the skin keratinocyte HaCaT cells, and the embryonic fibro-
blastic MRCS cells were consistently 3- to 7-times less sensitive to
synthetic ecteinascidins compared to melanoma cells.

These findings demonstrate that the next-generation
synthetic ecteinascidins exhibit high cytotoxic effects on a range
of melanoma cells containing distinct driver mutations and cellular
phenotypes.

Synthetic ecteinascidins induce melanoma cell apoptotic death
We next compared the efficacy of synthetic ecteinascidins on cell
proliferation and survival. Clonogenic assays demonstrated a sig-
nificant impact of these molecules on all tested metastatic melanoma
cell cultures or cell lines (Fig. 3a), accompanied by a significant inhi-
bition of melanoma cell proliferation (Fig. 3b). Concurrently, there was
anotable blockade of cell cycle progression in the G2/M phase (Fig. 3¢)
and induction of apoptosis (Fig. 3d). The compounds also significantly
inhibited the invasion capacities of undifferentiated metastatic mela-
noma cell cultures (Fig. 3e). Lurbinectedin is known to trigger a DNA
damage response characterized by the activation of yH2AX due to
drug-induced DNA breaks™. Using immunofluorescence, we observed
yH2AX accumulation in differentiated S0lmel or undifferentiated
MMO029 cells upon treatment with the three synthetic ecteinascidins
(Supplementary Fig. 1a-d), which was confirmed by immunoblotting
(Supplementary Fig. 1e). In parallel, phosphorylation of the protein
kinase ataxia telangiectasia mutated (ATM), the master damage
response protein, was observed in these cells (Supplementary Fig. 1e).
Of note, MAPKi did not induce activation of yH2AX in sensitive
501mel cells.

We further employed 3-D melanosphere culture assays to assess
the response of melanospheres derived from the melanocytic-like
MMO74 cells to BRAFi and MEKi. In sharp contrast to the response
observed in 2-D cultures, BRAFi and MEKi failed to reduce cell viability
in the 3-D cultures, even at doses equivalent to 5x of the IC50 con-
centrations determined in 2-D (Supplementary Fig. 2a). Conversely,
synthetic ecteinascidins demonstrated significant cytotoxic effects on
MMO074 melanospheres (Supplementary Fig. 2b), inducing apoptosis
at nanomolar concentrations (Supplementary Fig. 2c). These findings
elucidate the pro-apoptotic impacts of synthetic ecteinascidins on
both differentiated and undifferentiated melanoma cells cultured in 2-
or 3-D settings.

Synthetic ecteinascidins exhibit robust anti-tumor activities
The above data prompted us to examine the impact of synthetic
ecteinascidins on melanoma cell-derived xenograft (CDX) mouse
models. We first monitored the tumor volumes following intrave-
nous (IV) administration of synthetic ecteinascidins once per week
for three consecutive weeks at a concentration of 1.2 mg/kg. Treat-
ments commenced (d.0) when the tumors reached 150 mm’® in
athymic nude female mice aged 4 to 6 weeks (n=10/group)
and finished fourteen days later (d.14). We tested CDXs obtained
from two highly proliferative melanoma cell lines widely used for
drug screening (LOX-IMVIPRAFVSOOE  and  WM-266-4RAFVE00D)3
For both CDXs, we observed significant tumor growth regression
upon treatment with synthetic ecteinascidins, starting d.5
(Fig. 4a, b). The tumor growth delay was persistent even after d.14
when treatment was withdrawn, and lasted until d.25, emphasizing a
period of latency of 10 days following the end of the treatment.
Simultaneously, a marked augmentation in overall survival was
observed, predominantly evident during the latency phase
(Fig. 4c, d).
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Fig. 2 | Metastatic melanoma cells show high sensitivity to next-generation
synthetic ecteinascidins. a, b Chemical structure of ecubectedin a and PM54

b, two next-generation synthetic ecteinascidins analogs of lurbinectedin. The
modifications are highlighted in red. The moiety of the molecule interacting with
DNA is indicated. Molecular Weight (MW) is indicated. ¢, d Indicated melanoma
cells were treated with increasing concentrations of ecubectedin ¢ or PM54 d, for
72 h. Mean growth is shown relative to vehicle (DMSO)-treated cells. Error bars

indicate mean values + Standard Deviation (SD) for three biological triplicates.
Differentiated (MITF-High, proliferative) melanoma cells are shown in blue, while
undifferentiated (MITF-low, invasive) melanoma cells are shown in red. Hyperpig-
mented melanoma cells with acquired resistance to vemurafenib are shown in
green. Immortalized Hermes3A melanocytes, skin keratinocyte HaCaT and
embryonic fibroblastic MRCS cells are shown in violet. Source data are provided as
a Source Data file.

We next analyzed the effect of the drugs on MAPKi-resistant cells
using the 501Imel and 501mel"™* cells. Once the tumors reached a size of
150 mm?® in female NSG mice, a single 1V dose of either ecubectedin or
PM54 at a concentration of 1.2 mg/kg was administrated to the animals
(n = 8/group). Twenty-four hours after this single IV dose, we assessed the
mitotic or apoptotic indexes on tumor sections using immunostaining of
phospho-histone H3 (pHH3) or caspase-3 cleavage, respectively'’. We
observed a significantly decreased mitotic index and increased apoptosis
upon treatment with synthetic ecteinascidins, for CDXs derived from
both 501mel and 501mel*™* (Supplementary Fig. 3a-d). Consequently,
we observed that treatments with synthetic ecteinascidins significantly
impacted the tumor growth of CDXs derived from 501mel and
501mel"*™® melanoma cells (Figs. 4e and 2f) and increased the overall
survival of the mice (Fig. 4g, h). Altogether, these studies suggest that
synthetic ecteinascidins are highly active at inhibiting the growth and
inducing apoptosis in melanoma tumors in vivo, even in those presenting
resistance to clinically relevant treatments.

Synthetic ecteinascidins affect the expression of cancer-
promoting genes

Given the proposed impact of lurbinectedin on transcription®, we
conducted gene expression profiling (RNA-Seq) in 2-D cultures of
differentiated and undifferentiated melanoma cells. Following the
treatment with synthetic ecteinascidins, major transcriptional effects
were observed, with a large number of genes being downregulated for
both cell types, and a lesser number of genes being upregulated
(Supplementary Fig. 4a-c and Supplementary Data 1). However, sig-
nificant differences in the types of genes being affected in either dif-
ferentiated or undifferentiated cells were observed. Among the down-
regulated genes, we noted the presence of several cancer-promoting
genes such as MITF, Paired Box 3 (PAX3) or SOXIO specifically in dif-
ferentiated melanoma cells or AXL, Epidermal Growth Factor Receptor
(EGFR), SRY-Box Transcription Factor 9 (SOX9), FOS Like 2 (FOSL2) and
TEAD4 specifically in undifferentiated cells. These data were confirmed
in 2-D models by RT-qPCR and/or immunoblotting (Supplementary
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Fig. 3 | Synthetic ecteinascidins induce cell cycle arrest and apoptosis.

a Metastatic melanoma cells were treated with either vehicle (DMSO), lurbinecte-
din, ecubectedin or PM54 (1xIC50 concentration, 48 h) and allowed to grow for
additional 10 days in the absence of drugs. Results are shown as the mean colony
numbers + SD for three biological triplicates. Ordinary one-way ANOVA using
Dunnett's multiple comparisons test was used to determine the p-values (vs.
DMSO). Source data are provided as a Source Datafile. b Metastatic melanoma cells
were incubated with CellTrace and subsequently treated with either vehicle
(DMSO), lurbinectedin, ecubectedin or PM54 (1XIC50 concentration, 72 h). Quan-
tifications of populations with high CellTrace signal in DMSO or drug-treated cells
are shown as mean values + SD for three biological triplicates. Proliferative cells
show low CellTrace signal while non proliferative cells show high CellTrace signal.
Ordinary one-way ANOVA using Dunnett’s multiple comparisons test was used to
determine the p-values (vs. DMSO). Source data are provided as a Source Data file.
¢ 501mel cells were treated with either vehicle (DMSO), lurbinectedin, ecubectedin

Differentiated

Undifferentiated

or PM54 (1xIC50 concentration, 72 h). Cell cycle was studied by propidium iodide
staining and flow cytometry, and results are shown as mean values + SD for three
biological triplicates. Source data are provided as a Source Data file. d Metastatic
melanoma cells were treated with either vehicle (DMSO), lurbinectedin, ecu-
bectedin or PM54 (1xIC50 concentration, 72 h). Apoptosis was studied by flow
cytometry using annexin V-APC staining. Results are shown as mean values + SD for
three biological triplicates. Ordinary one-way ANOVA using Dunnett’s multiple
comparisons test was used to determine the p-values (vs. DMSO). Source data are
provided as a Source Data file. e MM029 and MM099 metastatic melanoma cells
were treated with either vehicle (DMSO), lurbinectedin, ecubectedin or PM54
(IxIC50 concentration, 48 h). Invasion was determined using Boyden chamber
assays. Results are shown as mean values of coverage index +/- SD for three bio-
logical triplicates. Ordinary one-way ANOVA using Dunnett’s multiple comparisons
test was used to determine the p-values (vs. DMSO). Source data are provided as a
Source Data file.

Fig. 5a-d) and in 3-D models by RT-qPCR (Supplementary Fig. Sef).
Collectively, our findings underscore the significant and partially cell-
type-specific inhibition of expression of cancer-promoting genes in
metastatic melanoma cells upon treatment with synthetic
ecteinascidins.

We next undertook a comparative analysis of gene expression
profiles in response to treatment with synthetic ecteinascidins. Nota-
bly, the three molecules commonly down-regulated 1365 and 1104
genes in differentiated and undifferentiated cells, respectively (Sup-
plementary Fig. 6a). It is worth mentioning that among these genes,
757 displayed consistent down-regulation (and only 110 displayed up-
regulation) across both differentiated and undifferentiated cells in
response to all the three compounds (Supplementary Fig. 6b,c,d and
Supplementary Data 2). Gene ontology (GO) analysis revealed that a
substantial proportion of these 757 genes were intricately involved in
transcriptional processes (Supplementary Fig. 6e and Supplementary
Data 2 and 8).

We subsequently compared each next-generation synthetic
ecteinascidin with lurbinectedin. We observed that ecubectedin
exhibited strikingly similar effects, with no genes exhibiting statisti-
cally significant differential expression upon a comparative analysis in

either differentiated or undifferentiated cells (Supplementary
Fig. 7a,b). In stark contrast, PM54 distinctly induced specific tran-
scriptional effects compared to lurbinectedin, revealing a more
focused alteration in gene expression, as a smaller subset of genes
exhibited deregulation in both differentiated and undifferentiated
melanoma cells, (Supplementary Fig. 7a,c). This distinction was further
substantiated by GO analysis, which elucidated that PM54 exerts
weaker effects on genes involved in diverse cellular processes such as
interferon response or oxidative phosphorylation but exerts a more
direct influence on genes involved in transcriptional regulation (Sup-
plementary Fig. 7d and Supplementary Data 2 and 8). Globally, our
analysis demonstrates that PM54 distinguishes itself by exerting the
leastinfluence on the transcriptional program of melanoma cells, while
presenting virtually the same cytotoxic effects, emphasizing a unique
and potentially advantageous pharmacological profile.

Synthetic ecteinascidins suppress the expression of SE-
dependent genes

To decipher the molecular mechanism underlying the cytotoxicity of
synthetic ecteinascidins, we conducted an extensive analysis of RNA-
Seq datasets derived from three distinct cancer cell types treated with
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lurbinectedin. These cells were derived from metastatic melanoma
(501mel), metastatic non-SCLC (A549) (GSE179074%) and metastatic
SCLC (DMS53) (GSE179074%), the latter being a cancer type for which
lurbinectedin has recently gained clinical approval. This analysis
revealed that acommon set of 642 genes underwent significant down-
regulationupon drug exposure (Fig. 5a and Supplementary Data 3). GO
analysis revealed once again a strong enrichment of genes involved in
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transcriptional regulation (Supplementary Fig. 8a and Supplementary
Data 2 and 8), with notable downregulated genes including ubiquitous
transcription factors/coactivators (such as CDK7, CDK12, CDK13, EIA-
associated cellular p300 (EP300), CREB-binding protein (CBP)) and
genes coding for Mediator complex subunits (such as CDK8 and
MEDI3). These results were confirmed in differentiated and undiffer-
entiated melanoma cells by immunoblotting (Fig. 5b). Notably, in vivo

Nature Communications | (2025)16:512

127



Article

https://doi.org/10.1038/s41467-024-55667-z

Fig. 4 | Potent in vivo effects of synthetic ecteinascidins. a,b Indicated CDX
models (n =10 at the beginning of the experiment) from LOX-IMVI a or WM-266-4
b melanoma cells were treated with placebo, ecubectedin or PM54 at 1.2 mg/kg
once a week for 3 consecutive weeks (on days 0, 7 and 14) and tumor volumes were
measured. Results are shown as mean values + SD for “n” mice. The red bar indi-
cates the dose period. The latency phase is indicated by an arrow. Logrank
(Mantel-Cox) test was used to determine the p-values. Source data are provided as
a Source Data file. ¢, d Indicated CDX models (7 =10 at the beginning of the
experiment) from LOX-IMVI ¢ or WM-266-4 d melanoma cells were treated weekly
with Placebo, ecubectedin or PM54 at 1.2 mg/kg and survival was assessed. Results
are shown as mean values + SD for “n” mice. The red bar indicates the dose period.
The latency phase is indicated by an arrow. Logrank (Mantel-Cox) test was used

to determine the p-values. Source data are provided as a Source Data file.

e, fIndicated CDX models (n =8 at the beginning of the experiment) from 501mel
e or 501mel**™" f melanoma cells were treated once with Placebo, ecubectedin
or PM54 at 1.2 mg/kg and tumor volumes were measured. Results are shown as
mean values + SD for “n” mice. Logrank (Mantel-Cox) test was used to determine
the p-values. Source data are provided as a Source Data file. g, h Indicated CDX
models (n=8 at the beginning of the experiment) from 501mel g or 501mel**™*
h melanoma cells were treated once with Placebo, ecubectedin or PM54 at

1.2 mg/kg and survival was assessed. Results are shown as mean values + SD for “n”
mice. Logrank (Mantel-Cox) test was used to determine the p-values. Source data
are provided as a Source Data file.

experiments utilizing melanoma CDXs also demonstrated a rapid
down-regulation of these genes, together with lineage-specific master
transcription factors such as MITF, SOX10 or PAX3 following short-term
treatments with synthetic ecteinascidins (Fig. 5c).

Ubiquitous transcription factors/coactivators and the mediator
complex are pivotal in driving oncogenic expression in cancer cells by
activating genes dependent on SEs. Therefore, in an effort to identify
SEs in our melanoma cell models, we performed Cut&Tag assays tar-
geting H3K27ac and BRD4 in differentiated and undifferentiated cells
(501mel and MMO029, respectively). Using the Rank Ordering of Super-
Enhancers (ROSE) algorithm and cross-referencing the list of SEs
identified from the Cut&Tag on H3K27ac and that on BRD4, we iden-
tified 533 and 347 bona fide SEs in differentiated and undifferentiated
metastatic melanoma cells, respectively (Supplementary Fig. 8b,c and
Supplementary Data 4). Subsequently, we identified by ROSE 1,255 and
951 genes putatively regulated by these bona fide SEs, in differentiated
and undifferentiated melanoma cells, respectively (Supplementary
Fig. 8d and Supplementary Data 4). Although 261 SE-dependent genes
were shared between differentiated and undifferentiated cells, most
SE-dependent genes seemed to be cell-state-specific. We next crossed
these data with the list of downregulated genes in both differentiated
and undifferentiated metastatic melanoma cells following treatments
with synthetic ecteinascidins and observed a significant enrichment of
SE-dependent genes among those down-regulated genes (Fig. 5d). This
was also observed in vivo, where SE-dependent oncogenes such as
MITF, SOX10, SAMMSON or MYC were strongly downregulated upon
treatment with synthetic ecteinascidins (Fig. 5c).

Synthetic ecteinascidins target transcriptionally active, CpG-
rich genomic regions

We next sought to map the genome-wide binding sites of synthetic
ecteinascidins in melanoma cells. Using bioactive biotinylated ver-
sions of lurbinectedin and PM54 (Bio-lurbi and Bio-PM54) (Table 1),
we conducted an in situ mapping of our compounds to genomic DNA
using Chem-map''. We performed three biological replicates per
compound, using both differentiated or undifferentiated melanoma
cells (501mel and MMO029, respectively), observing a high reprodu-
cibility with Spearman correlations exceeding 0.7 (Supplementary
Fig. 9a) Our analysis revealed approximately 30,000 drug-binding
sites in differentiated and 15,000 in undifferentiated cells (Fig. 6a and
Supplementary Data 5). Notably, approximately 75 % of the identified
drug-binding sites were found to be located in gene regions, with
promoter (-25-34 %) and intronic (-32-35%) binding frequencies
being consistent for both Bio-lurbi and Bio-PM54, in both cell types
(Fig. 6b and Supplementary Fig. 9b). Overall, we observed a highly
significant correlation between drug-bound gene promoters and
genes down-regulated by the drugs (Fig. 6¢c and Supplementary
Fig. 9c). Genome-wide, peaks of synthetic ecteinascidins pre-
dominantly co-localized with the transcriptionally active H3K27ac
chromatin mark, RNAPII, BRD4 and positive ATAC-seq signals, and
not with the repressive H3K27me3 chromatin mark (GSE205463")
(Fig. 6d and Supplementary Fig. 9d). Indeed, between 80 and 90 % of

the synthetic ecteinascidins binding sites in 501mel and MMO029 cells
exhibited substantial overlaps with ATAC-seq signals (Fig. 6e and
Supplementary Fig. 9e-g). Furthermore, our genome-wide analysis
indicated that over 35% of synthetic ecteinascidins binding sites in
501mel cells and over 45 % in MMO029 cells exhibited substantial
overlaps with CpG islands (Fig. 6f and Supplementary Fig. 9h). Most of
the CpG islands bound by the drugs were located in open chromatin
regions, positive for ATAC-seq signal (Fig. 6g and Supplementary
Fig. 9i). These data underscore the preferential binding of synthetic
ecteinascidins to transcriptionally active genomic sites such as pro-
moter regions, and suggest that they target the CpG islands located
within these sites.

Synthetic ecteinascidins exhibit distinct patterns of chromatin
binding associated with cell phenotypes

We subsequently integrated the chem-map data and observed a robust
overlap (-80%) between the promoter regions bound by Bio-lurbi and
those bound by Bio-PM54 in a given cell type (Fig. 7a, left panel).
Notably, among the promoters bound by synthetic ecteinascidins, a
significant fraction demonstrated concurrent binding by the two drugs
in both cell types (Fig. 7a, right panel). This included promoters that
regulate the expression of ubiquitous transcription factors/coactiva-
tors or Mediator subunits (Supplementary Data 6). In these promoters,
such as those regulating expression of £P300 or CDK7, a pronounced
overlap was observed between the binding sites of synthetic ectei-
nascidins and CpG islands, H3K27ac, RNAPIl and ATAC-seq sig-
nal (Fig. 7b).

Apart from the commonality in drug-bound promoters depicted
above, each melanoma cell type also exhibited a subset of distinct and
unique binding sites associated with its specific cellular phenotype. We
observed a strong overlap between cell-state-exclusive binding sites
and cell-state-specific H3K27ac sites at the corresponding genomic
loci, once again suggesting a connection between drug binding and
open chromatin (Fig. 7c and Supplementary Fig. 10a-d). In these
specific binding sites, we identified sets of promoters which indeed
demonstrated exclusive activity in either differentiated or undiffer-
entiated cells. For instance, synthetic ecteinascidins bound to the
promoter of the lineage-specific master transcription factor MITF
gene only in differentiated cells, where it is highly expressed (Fig. 7d).
Conversely, the promoter regulating the Baculoviral IAP repeat-
containing protein 3 gene (BIRC3), an inhibitor of apoptosis expres-
sed only in undifferentiated melanoma cells, was occupied by syn-
thetic ecteinascidins in undifferentiated but not in differentiated
cells (Fig. 7e).

When examining the deposition of synthetic ecteinascidins along
the MITF gene, drug-binding to its SE was also observed (Fig. 7d). In
agreement, almostall (-95 %) of the bona fide SEs identified by ROSE in
differentiated and undifferentiated cells were directly bound by the
compounds (Fig. 7f). To gain a global understanding of the interplay
between synthetic ecteinascidins and enhancer activity, we used the
Active-By-Contact (ABC) model* to integrate our ATAC-seq, Cut&Tag,
and RNAseq data with publicly available HiC data obtained in
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differentiated melanoma cells (GSE105491*'). We generated a genome-
wide annotation of all active cis-candidate regulatory regions (cCRE)
directly implicated in activating gene expression in 50lmel cells
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Fig. 5| Synthetic ecteinascidins inhibit the expression of SE-dependent genes.
a Venn diagram showing the overlap of genes down-regulated in melanoma
(GSE256100), SCLC (GSE179074) and NSCLC (GSE179074), following treatment with
lurbinectedin. b Differentiated 501mel (left) or undifferentiated MMO029 (right)
melanoma cells were treated with synthetic ecteinascidins as indicated (5xIC50
concentration, 24 h) and protein lysates were immuno-blotted for proteins as indi-
cated. Molecular mass of the proteins is indicated (kDa). Source data are provided as
a Source Data file. This experiment was repeated independently three times with
similar results. ¢ CDXs from 501mel cells (n=3) were treated with a single dose of

(Supplementary Fig. 11a). Based on differential gene expression data,
this model thus allowed the prediction of interactions between active
enhancers and genes that were either positively or negatively
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lurbinectedin, ecubectedin or PM54 at 1.2 mg/kg and tumors were collected 12 or
24 h later. Heatmap shows average placebo-normalized expression of the indicated
genes obtained by gRT-PCR analysis. RPL13a is a housekeeping gene. d Venn dia
gram showing the overlap of genes downregulated by synthetic ecteinascidins, as
indicated, in 501mel (left) or MMO029 cells (right) (10xIC50 concentration, 8 h) (n=3)
and SE-dependent genes identified in these cells using H3K27ac- and BRD4-profiling
by Cut&Tag and the ROSE algorythm™. Representation factor and hypergeometric p-
value are indicated and were determined using Graeber lab software. Hypergeo-
metric distribution test was used to determine the p-values.
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impacted by treatment with synthetic ecteinascidins. Notably, 4436
enhancers were inferred to be in contact with the promoters of genes
down-regulated by treatment with synthetic ecteinascidins, such as the
SE controlling SOX10 expression (Supplementary Fig. 11b), while only
736 enhancers were inferred to be in contact with promoters of genes
up-regulated by the same treatments (Supplementary Data 6).
Enhancers controlling the expression of down-regulated genes tended
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to be characterized by a higher ABC-score (higher enhancer activity)
and contacted more genes than enhancers controlling expression of
up-regulated genes (Supplementary Fig. 11c). In conclusion, the ABC
model indicates that genes under the dependence of strong enhan-
cers, such as SEs, might be particularly vulnerable to synthetic ectei-
nascidins, and that active enhancer-promoter interactions might be
weakened by drug binding.
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Fig. 6 | Synthetic ecteinascidins bind to CpG-rich sequences located in open
chromatin regions. a Venn diagram of drug-binding sites (Bio-lurbi in the left and
Bio-PM54 in the right) in 501mel vs. MMO029 cells (n = 3). b Pie chart showing the
distribution of annotated peaks (in percentages) for Bio-lurbi (top) and Bio-PM54
(bottom) all over the genome (hg19) in 501mel cells (7 =3). ¢ Left panel: Venn
diagram (n = 3) between promoters bound by Bio-lurbi or Bio-PM54 and genes
down-regulated by lurbinectedin or PM54 in 501mel cells. Right panel: the two Venn
diagrams (n=3) were merged. Representation factor and hypergeometric p-value
are indicated and were determined using Graeber lab software. Hypergeometric
distribution test was used to determine the p-values. d Upper panel: Metaplot
distribution (n = 3) of Bio-lurbi, Bio-PM54, BRD4, RNAPII, H3K27ac, H3K27me3
enrichment and ATAC-Seq signals in a + 5 kb window around the occupied DNA
binding sites of Bio-lurbi in differentiated 501mel cells. Lower panel: Heatmap

profiles representing the read density clusterings obtained with seqMINER for the
DNA-occupied sites of Bio-lurbi in differentiated 501mel cells relative to Bio-PM54,
BRD4, RNAPII, H3K27ac, H3K27me3 enrichments and ATAC-Seq signals. Peak order
is determined by Bio-lurbi and identical for all clusterings. e Venn diagram (n=3)
between Bio-lurbi (left) or Bio-PM54 (right) binding sites and positive ATAC-seq
peaks (indicative of chromatin open regions) in differentiated 501mel cells. f Venn
diagram (n = 3) between Bio-lurbi (left) or Bio-PM54 (right) binding sites and human
CpG islands in differentiated 501mel cells. g Venn diagram (n=3) between Bio-lurbi
(left) and Bio-PM54 (right) binding sites in differentiated 501mel cells and human
CpG islands. Human CpG islands are divided into those found in open chromatin
regions (CpG islands/ATAC(+)) and those found in closed chromatin regions (CpG
islands/ATAC(-)).

Collectively, these findings suggest that synthetic ecteinascidins
impact SE-mediated oncogenic transcription by binding to and inhi-
biting the activity of the promoters of ubiquitous transcription factors/
coactivators enriched at SEs, and potentially by directly targeting the
enhancer/SEs driving oncogenic expression.

Synthetic ecteinascidins disrupt coactivator

condensation at SEs

Itwas demonstrated that SE-enriched transcriptional coactivators such
as BRD4 or the MEDI subunit of the Mediator complex form discrete
nuclear puncta at SEs ex vivo to ensure robust expression of SE-
dependent genes’. Based on the above data, we hypothesized that
synthetic ecteinascidins could disrupt these condensates. Immuno-
fluoresence revealed nuclear puncta for BRD4 that co-localized with
the SE-specific histone mark H3K27ac in differentiated or undiffer-
entiated melanoma cells (Supplementary Fig. 12a). Synthetic ectei-
nascidins disrupted BRD4 and MED1 puncta in both types of cells,
similar to what was observed with 1,6-hexanediol, widely used to dis-
organize liquid-like condensates’ (Fig. 8a, b and Supplementary
Fig. 12b). In contrast, treatment with dacarbazine, an alkylating com-
pound that causes DNA damage and that is clinically used in the
treatment of melanoma, did not affect BRD4 and MED1 puncta
(Fig. 8a, b and Supplementary Fig. 12b). Treatment with the MEKi tra-
metinib even resulted in a significant increase in BRD4 and MED1
puncta, likely due to the reprograming of enhancer/SE formation
observed in melanoma cells following MEKi treatment, leading to
hyperdifferentiation®. In agreement with these observations, trame-
tinib and dacarbazine did not decrease the expression of SE-
dependent genes such as MITF and SOXIO in differentiated cells
(MEKi even increased their expression) or AXL and EGFR in undiffer-
entiated cells (Supplementary Fig. 12¢,d). ChIP-qPCR was used to fur-
ther reveal that together with the inhibition of expression observed
above, the level of H3K27ac and BRD4 was significantly reduced at the
SEsregulating the expression of MITF, SOX10, EGFR or AXL, upon short-
term treatment with synthetic ecteinascidins (Fig. 8c, d and Supple-
mentary Fig. 12e,f). Note also that the level of H3K27ac was unaffected
at the promoter of the 60S Ribosomal Protein L13a (RPL13a) house-
keeping gene in these conditions (Supplementary Fig. 12g,h). Collec-
tively, these results indicate that synthetic ecteinascidins disrupt the
integrity of transcriptional condensates, consequently leading to the
inactivation of SEs. They also highlight the specific mechanism of
action of these drugs compared to current clinical treatments.

Synthetic ecteinascidins induce waves of transcriptional inhibi-
tion in melanoma and SCLC cells

The data above imply a model in which the inhibition of ubiquitous
transcription factors/coactivators induces the inhibition of SE-
dependent oncogenes. To test this model, we conducted kinetic ana-
lyzes, revealing that transcription factors/coactivators were down-
regulated before SE-dependent genes in melanoma cells (Fig. 9a,b and
Supplementary Fig. 13a,b). We explored whether a similar mechanism

could occur in SCLC following treatment with synthetic ecteinascidins.
We observed that transcription factors/coactivators were down-
regulated very early in SCLC DMS53 cells upon treatments with syn-
thetic ecteinascidins, followed by the inhibition of SCLC-specific SE-
dependent genes such as Achaete-scute homolog 1 (ASCLI), B-Cell
Leukemia/Lymphoma 2 (BCL2), MYC, Neurogenic Differentiation Factor 1
(NEURODI) or TEADI genes (Fig. 9¢). In agreement, a significant
enrichment of SE-dependent genes was observed among those down-
regulated upon treatment with synthetic ecteinascidins in these cells
(Supplementary Fig. 13c). While the ChIP-qPCR data in Fig. 8 cannot be
generalized to all dysregulated genes in melanoma, we extended this
analysis to SCLC using published data (GSE179074 ). We re-analyzed
these data by focusing on three groups of genes with H3K27ac peaks at
their TSS: those commonly down-regulated in melanoma, SCLC, and
NCLC (348 genes); SCLC-specific SE-dependent genes (424 genes); and
genes that were commonly unaffected (1434 genes) (Supplementary
Data 7). ChIP-seq for H3K27ac, performed before and after treatment
with lurbinectedin (GSE195663*), revealed a loss of this active tran-
scriptional mark at the promoters of commonly down-regulated genes
(e.g., CDK8) and SCLC-specific super-enhancer-dependent genes (e.g.,
MYC) (Fig. 9d, e). Notably, H3K27ac was significantly less affected at
the promoters of genes whose expression was unaffected by lurbi-
nectedin, such as the housekeeping gene RPLI13a. Overall, these data
suggest that synthetic ecteinascidins induce an initial inactivation of
promoters regulating the expression of transcription factors and
coactivators, which triggers a secondary inactivation of the promoters
of SE-dependent oncogenes.

Discussion

Metastatic melanoma cells exhibit significantly higher mutational
burdens compared to other cancer types, potentially leading to pro-
portional dysregulation of gene expression patterns. Furthermore, the
well-documented cell-state plasticity of melanoma cells underscores
their robust reliance on tightly regulated oncogenic gene expression
programs. This cancer type, therefore, serves as an ideal model for
investigating the clinical relevance and therapeutic potential of tar-
geting oncogenic transcriptional addiction. Comparative analyzes
were conducted to evaluate the impact of three synthetic ecteinasci-
dins relative to clinically utilized MAPKi agents. Notably, metastatic
undifferentiated melanoma cells displaying inherent resistance to
MAPKi/immunotherapy, as well as in vitro engineered hyperpig-
mented cells with acquired MAPKi resistance', exhibited comparable
sensitivity to the three synthetic ecteinascidins at low nanomolar
concentrations. Single-cell sequencing has unveiled additional cell
states within melanoma tumors, such as interferon-active melanoma
cells that emerge during the minimal residual disease phase, post-
treatment with MAPKi""*°. The significance of these cells in the con-
text of resistance to treatment has been significantly underestimated.
In an attempt to mimic these cell subpopulations in vitro, we have
generated pseudo-interferon-active melanoma cells by treatment with
interferon-y. Intriguingly, these pseudo-interferon-active melanoma
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cells exhibited sustained sensitivity to synthetic ecteinascidins while
acquiring resistance to MAPKi (Supplementary Fig. 14 and Table 1). In
vivo, we observed significant decreases in mitotic indexes and
increases in cell death and overall survival in four different melanoma
CDX models, including MAPKi-resistant CDXs. Our data demonstrate
that synthetic ecteinascidins exhibit high cytotoxic impact both
in vitro and in vivo on the most common melanoma cell phenotypes, as

well as on drug-tolerant cell populations emerging during the minimal
residual disease phase.

Our results elucidate the mechanisms of action of synthetic
ecteinascidins, highlighting their common features and revealing
some notable differential molecular effects. Low nanomolar doses of
synthetic ecteinascidins consistently reduced the proliferation and
invasive capacities of metastatic melanoma cells while inducing

Nature Communications | (2025)16:512

12

132



Article

https://doi.org/10.1038/s41467-024-55667-z

Fig. 7 | Synthetic ecteinascidins exhibit distinct patterns of chromatin binding
associated with cell phenotypes. a Left panel: Venn diagrams (n=3) between
promoters bound by Bio-lurbi and Bio-PM54 in 501mel (top) and MM029 (bottom)
cells. Right panel: the two Venn diagrams were merged. b Gene tracks of Bio-lurbi,
Bio-PM54, RNAPII, H3K27ac occupancy, ATAC-seq and RNA-Seq signals at CDK7
(left) or EP300 (right) loci in 501mel or MMO029 cells. RNA-Seq signals show that
these genes are expressed in both 501mel and MM029 melanoma cells. In blue,
drug binding at promoters is highlighted. Localization of CpG islands is shown.

c Left panel: Venn diagrams (n=3) comparing genomic bindings sites uniquely
bound by Bio-lurbi in either 501mel or MM029 cells with H3K27ac peaks found
exclusively in either 501mel or MM029 cells. Right panel: Venn diagrams comparing
genomic bindings sites uniquely bound by Bio-PM54 in either 501mel or MM029
cells with H3K27ac peaks found exclusively in either 501mel or MMO029 cells. We
considered different peaks as overlapping if there was at least 1 bp of overlap.

d Gene tracks of Bio-lurbi, Bio-PM54, RNAPII, H3K27ac occupancy, ATAC-seq and

RNA-Seq signals at the MITF locus in 501mel or MM029 cells. RNA-Seq signals show
that this gene is only expressed in differentiated 501mel cells. The red square
indicates the SE regulating the expression of MITF. In blue, drug binding at the
promoter is highlighted. In red, drug binding at the SE is highlighted. Localization
of CpG islands is shown. Note that MITF-M isoform is expressed in melanoma.

e Gene tracks of Bio-lurbi, Bio-PM54, RNAPII, H3K27ac occupancy, ATAC-Seq and
RNA-Seq signals at the BIRC3 locus in 501mel or MM029 cells. RNA-Seq signals
show that this gene is only expressed in undifferentiated MM029 melanoma cells.
In blue, drug binding at the promoter is highlighted. Localization of CpG islands is
shown. f Upper panel: Venn diagrams (n = 3) comparing all genomic bindings sites
commonly bound by Bio-lurbi and Bio-PM54 and bona fide super-enhancers iden-
tified in 501mel cells. Lower panel: Venn diagrams comparing all genomic bindings
sites commonly bound by Bio-lurbi and Bio-PM54 and bona fide super-enhancers
identified in MMO029 cells.

apoptosis and blocking the cell cycle in the G2/M phase. Drug treat-
ments also led to the significant disruption of oncogene expression.
Importantly, the transcriptional effects of the compounds appeared to
exhibit a high degree of specificity for distinctly overexpressed
oncogenes depending on the melanoma cell state. For instance, while
the expression of housekeeping genes was unaffected in 2- or 3-D
conditions by short-term drug treatments, lineage-specific drivers of
proliferation such as MITF, SOX10 or PAX3 were strongly inhibited
specifically in differentiated cells. In undifferentiated cells, different
genes were affected, such as the key regulators AXL or EGFR, the anti-
apoptotic protein BIRC3 or the cell-type master transcription factors
FOSL2 and TEAD4. These observations arguably reveal the most
interesting feature of these next-generation compounds: synthetic
ecteinascidins appear to specifically inhibit the distinct oncogenic
transcription programs on which a given cancer cell subpopulation
depends. Thus, this unique mechanism of action differentiates syn-
thetic ecteinascidins from conventional chemotherapeutic DNA-bin-
ders/DNA-modifiers, such as platinum derivatives or dacarbazine,
which induce DNA damage uniformly across the genome. Moreover,
the efficacy of synthetic ecteinascidins does not depend on the phe-
notypic nature of the melanoma cell, a feature that differentiates these
drugs from conventional MAPKi therapies and immunotherapies™.

Mechanistically, our results highlight a multifaceted mechanism
of action by which synthetic ecteinascidins impede oncogenic tran-
scription. Synthetic ecteinascidins bind to promoter/enhancer regions
of genes encoding ubiquitous transcription factors/coactivators,
usually strongly enriched at SEs, leading to their rapid inhibition. This
effect is likely potentiated by the fact that promoters/enhancers of
genes encoding lineage-specific master transcription factors such as
MITF or SOX10 are also heavily bound by synthetic ecteinascidins in
melanoma cells. These master regulators are known to bind SEs to
form autoregulatory loops that constitute the core transcriptional
regulatory circuitries of cancer cells. The disruption of these onco-
genic expression loops, coupled with the strong binding of synthetic
ecteinascidins to SEs themselves, albeit with uncertain biological
consequences, potentially ensures the robust inhibition of SE-driven
oncogenic transcription. Importantly, these observations extend
beyond melanoma cells, as SE-driven transcription was also inhibited
in SCLC cells exposed to synthetic ecteinascidins, establishing these
molecules as potential universal pan-disruptors of SEs. Overall, the
inhibition of SE-driven oncogenic transcription has a potent cytostatic/
cytotoxic impact on cancer cells, as demonstrated in vivo by the
inhibition of cell proliferation and induction of apoptosis. In a second
line of attack, synthetic ecteinascidins induce DNA breaks that persist
over time and that synergize with transcription inhibition to trigger
cell death.

Delving deeper into the transcriptional effects elicited by the
three compounds, we observed that while the gene expression chan-
ges elicited by lurbinectedin and ecubectedin greatly overlapped, the

transcriptional effects of PM54 significantly diverged. Notably, PM54
treatments deregulated fewer genes than lurbinectedin or ecubecte-
din while eliciting the same cytostatic and cytotoxic effects, potentially
representing a clinical benefit. Although the exact mechanism
explaining this difference is yet to be determined, it may be related to
the fact that the moiety modified in PM54 vs. lurbinectedinis located in
the area of the molecule described as interacting with DNA binding
proteins/transcription factors*®. Such a differential interaction
between the drug and transcription factors might result in fewer sys-
temic gene expression disruptions and, thus, fewer unwanted sec-
ondary effects, while still potently targeting oncogenic SE-dependent
gene expression, leading to cancer cell death. Consequently, Phase |
clinical trials for PM54 in advanced solid tumors, including melanoma,
were initiated (ClinicalTrials.gov Identifier: NCT05841563, EudraCT
Number 2022-002031-65).

Collectively, our data provide a comprehensive overview of the
cellular and molecular effects of a potential therapeutic approach to
melanoma and other transcriptionally-addicted cancers based on SE-
dependent oncogenic inhibition. The current study further illuminates
the intricacies of gene expression dependencies of different mela-
noma cell subpopulations and their molecular responses to tran-
scriptional disruptions. This preclinical work might justify the clinical
testing of synthetic ecteinascidins as a second-line melanoma treat-
ment following MAPKi/immunotherapy relapse, but it also highlights
the potential benefits of further exploring the effects of additional
structural analogs. Finally, recent observations demonstrated that
synthetic ecteinascidins, such as lurbinectedin, synergize with immune
checkpoint blockade and stimulates proliferation of CD4+ and
CD8+T cells. These immune-modulatory functions make synthetic
ecteinascidins a potential platform for immunotherapy combination in
melanoma*’**.

Methods

All animal experimental procedures were reviewed and approved by an
Internal Ethical Committee and by “O.H. Universidad Miguel Hernan-
dez de Elche” and “O.H. Hospital General Universitario Gregorio Mar-
anon”, and, finally, authorized by “Comunidad Auténoma de Madrid,
CAM” (regional Institutional Animal Care and Use Committee), refer-
ence PROEX 042/16 and PROEX 285.7/23. All experimental procedures
were performed in accordance with national and international laws and
policies: Spanish directive RD 53/2013 and EU Directive 2010/63/EU.
Animals were euthanized through the administration of an overdose of
a general anesthetic when their tumors reached ca. 1500 mm3 and/or
severe necrosis was seen. Treatments which produced >20 % lethality
and/or 20 % net body weight loss were considered toxic and stopped.

Cell culture and treatment
When registered, cells used in this work are identified by a research
resource identification number (RRID number (https://rrid.site)). Cell
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line identity, when applicable, was confirmed annually through STR
profiling provided by ATCC’s cell authentication service. Hermes3A,
RRID:CVCL_VS10; DMS53, RRID:CVCL _1177; 501mel, RRID:CVCL_4633;
SKMEL-28, RRID:CVCL_0526; IGR37, RRID:CVCL 2075; IGR39,
RRID:CVCL 2076; WM266-4, RRID:CVCL_2765; LOX-IMVI,
RRID:CVCL 1381; A549, RRID:CVCL_0023; HaCaT, RRID:CVCL_0038;
MRCS, RRID:CVCL_0440. All cells were obtained from ATCC or
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collaborators, as indicated in Supplementary Data 8. Cells were grown
at37 °Cin 5% CO, (10 % for Hermes 3A) and were regularly checked for
mycoplasma contamination by the PluriCell East Platform (https://
www.igbmc.fr/en/plateforms-and-services/services/pluricell-east).

MM patient-derived short-term melanoma cultures (MMO11, MMO074,
MM117, MM029, MM047, MM099) are derived from patient biopsies
and were grown in HAM-F10 (Gibco, Invitrogen) supplemented with 10
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Fig. 8 | Synthetic ecteinascidins disrupt transcription factor/coactivator con-
densates at SEs. a Representative confocal microscopy images (n=3) of 50Imel
melanoma cells treated with either DMSO, the condensate disruptor 1,6-hexanediol
(3% vol, 20 min), the MEKi trametinib (15nM, 10 h), the DNA damaging agent
dacarbazine (50 pM, 10 h) or the synthetic ecteinascidins (5xIC50, 10 h). Cells were
immunostained with anti-BRD4 (red) or anti-MED1 (white) antibodies. Images of the
cells were obtained with the same microscopy system and constant acquisition
parameters for a given staining. Source data are provided as a Source Data file. Scale
bar: 10 pm. b The numbers of MED1 and BRD4 foci per nucleus observedin 501mel

cells following treatment with the drugs described above are shown +SD for three
biological triplicates. Red bars indicate mean integrated density. One-way ANOVA
with post-hoc Tukey adjustment comparisons were used to determine the p-values
(vs. DMSO). ¢, d ChIP-gPCR monitoring the fold change of H3K27ac mark or BRD4
protein at the SEs regulating MITF (left) or SOX10 (right) in mock- or synthetic
ecteinascidin-treated (5xIC50, 10 h) differentiated 501mel cells. Error bars indicate
mean values + SD for three biological triplicates. One-way ANOVA with post-hoc
Tukey adjustment comparisons were used to determine the p-values (vs. DMSO).
Source data are provided as a Source Data file.

% Fetal Calf Serum (FCS), 25mM HEPES, 52 mM GLUTAMAX and
penicillin-streptomycin. Melanoma cell lines 50lmel and SKmel28
were grown in RPMI w/o HEPES (Gibco, Invitrogen) supplemented with
10 % FCS and gentamycin. Vemurafenib-resistant cells (501mel'*™* and
MMO074"™R) were additionally supplemented with 1.5 mM of vemur-
afenib. Melanoma IGR cell lines (IGR37 and IGR39) were grown in RPMI
w/o HEPES (Gibco, Invitrogen) supplemented with 15 % FCS and gen-
tamycin. Immortalized melanocytes Hermes-3A were grown in RPMI
w/o HEPES supplemented with 10 % FCS, penicillin-streptomycin,
200 nM TPA (Sigma Aldrich), 200 p.m. Cholera Toxin (Sigma Aldrich),
10 ng/mL hSCF (Life Technologies), 10 nM EDN-1 (Sigma Aldrich) and
2mM Glutamine (Invitrogen). HaCaT and MRCS were grown in DMEM
(1g/L glucose) +10% FCS + Gentamycin 40 mg/ml. SCLC cell line
DMSS53 was grown in Waymouth’s MB medium (Gibco, Invitrogen),
supplemented with 10% FCS and gentamycin. 501mel, SKmel28, IGR
and DMS53 cells were purchased from ATCC, MM and Hermes-3A cells
were obtained from collaborators. Vemurafenib (PLX4032), trametinib
(GSK1120212), dabrafenib (GSK2118436) and dacarbazine (S1221) were
purchased from Selleckchem. 1,6-Hexanediol was obtained from
Sigma Aldrich (88571). Lurbinectedin (PM1183), ecubectedin (PM14),
and PM54 were obtained from PharmaMar S.A. Recombinant Human
IFN-y was obtained from Peprotech (300-02).

Different in vitro drug incubation periods were chosen depending
on the nature of the experiments, considering that cell viability is
reduced by 50% after 72h of treatment with 1xIC50 concentrations.
For assays studying the impact of the treatments on cancer cell phe-
notypes related to cancer cell death, such as the inhibition of cell
proliferation, the induction of apoptosis and cell cycle blockage, we
opted to refer to these same conditions (IxIC50, 72h). To assess
effects preceding cell death, such as impacts on clonogenicity and
invasive capacities, a shorter incubation period was chosen (1xICS0,
48 h). For effects relating to gene expression, shorter incubation per-
iods with higher drug concentrations (5xIC50, 12h for RT-qPCRs;
10xICS0, 8 h for RNA-Seq and Chem-Map, 5xIC50, 24 h for Western
Blotting and 5xIC50, 10 h for immunofluorescence and ChIP-qPCR)
allowed us to study more closely the immediate and direct effects of
the drugs on cancer cell transcriptomes and epigenomes. The used
drug concentrations and treatment durations are stated in the
respective figure legends.

Protein extraction and western blotting

For whole cell extracts, cells were rinsed once with cold PBS, before
pelleting and resuspension in LSDB 0.5M buffer (500 mM KCl,
50 mM Tris pH 7.9, 20% glycerol, 1% NP-40, 1mM DTT, phosphatase
inhibitor and protease inhibitor cocktail). Afterwards, cells were fully
disrupted with 3 cycles of heat shock (liquid nitrogen followed by
37°C water bath). Then, samples were centrifugated for 15min at
11,000g to remove cell debris. Lysates were subjected to
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and proteins
were transferred onto a nitrocellulose membrane. Membranes were
incubated overnight 4 °C with primary antibodies in PBS+ 5% milk
powder + 0.01 % Tween-20. The membranes were then incubated
with HRP-conjugated secondary antibody (Jackson ImmunoR-
esearch) for 1h at room temperature and visualized using the ECL
detection system (GE Healthcare).

IC50 estimation

Cells were seeded at 5 x 10° cells/well in 96-well plates and treated with
increasing concentrations of vemurafenib, dabrafenib, trametinib,
lurbinectedin, ecubectedin, or PM54. After 72 h of incubation, cells
were treated with PrestoBlue reagent (ThermoFisher) according to the
manufacturer’s instructions. The absorbance per well was measured
with a Celllnsight CX5 microplate reader (ThermoFisher). Determina-
tion of IC50 values was performed by nonlinear curve fitting using the
Prism9 statistical software (GraphPad). To assess the effect of IFNy on
drug sensitivities, cells were pre-treated with IFNy (20 ng/mL) for 24 h,
before being treated as mentioned above, while maintaining IFNy
(20 ng/mL) in the medium.

Clonogenicity assay

Cells were drug-treated at IC50 concentrations during 48 h before
seeding 1x 10° or 2 x 10° cells in 6-well plates without drugs, where they
grew for 10 days to allow for colony formation. Afterwards, cells were
washed once with PBS, then fixed for 10 min with 4% Paraformalde-
hyde solution, and stained with Crystal Violet solution 0.2% for 15 min.
The wells were finally washed twice with deionized water, air dried,
scanned and analyzed with Fiji software to count the number of
colonies.

Cell proliferation, apoptosis, and cell cycle analysis by flow
cytometry

2 x 10° cells were seeded in 6-well plates and were incubated 24 h later
with 1 pM of CellTrace Violet reagent (ThermoFisher) according to the
manufacturer’s instructions, immediately before rinsing and drug
treatment at IC50 concentrations. After 72 h of incubation, cells were
rinsed and incubated with AnnexinV-APC (BD Biosciences). Cell pro-
liferation and apoptosis were detected on a BD LSRFortessaTM Flow
Cytometer. Data were analyzed with FlowJo software. To define slow
proliferating or apoptotic cells, we proceeded as follows: We con-
sidered that slow proliferating cells represented the 30 % of cells with
the highest concentration of CellTrace Violet signal in the DMSO
control. We then calculated the % of cells that had a signal greater than
or equal to this value with drug treatment. For apoptotic cells, we
considered the 20% of cells with the highest signal of AnnexinV-APC in
the DMSO control.

For cell cycle analysis, 2 x 10° cells were seeded in 6 well plates.
After 72 h of drug treatments at 1C50 concentrations, cells were pel-
leted and fixed with 70% ethanol for1 h at 4 °C. After 2 washes with cold
PBS, cells were incubated with RNAseA and Propidium lodide (PI,
Biolegend) for 1h in the dark, before being analyzed on a BD LSRFor-
tessaTM Flow Cytometer. Data were analyzed with Flow)o software.

For apoptosis assays with 3D-grown melanoma cells, TrypLe Select
10x reagent (Gibco) was used to dissociate melanospheres to obtain
single-cell suspensions. These cells were incubated with AnnexinV-APC
(Biolegend) and PI. With bivariant dot plots, we distinguished between
viable (AnnexinV- / Pl-), early apoptotic (AnnexinV+ /PI-), late
apoptotic (AnnexinV+ / PI+) and necrotic cells (AnnexinV-/ Pl +).

Boyden chamber invasion assay
2 x10° cells were seeded inside Boyden Chamber inserts (Fisher Sci-
entific) with 4% Matrigel (Corning) and covered with serum-free media.
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The inserts were placed in 24 well plates filled with complete medium.
After 24 h, the inserts were washed once with PBS, fixed for 10 min with
4% paraformaldehyde solution, and stained with Crystal Violet solution
water, air dried, and photos were collected using an EVOS xI Core

occupancy of the cells.

Melanosphere formation and viability assay

5x10* cells were seeded in ultra-low attachment hydrogel-
layered 96 well plates (Corning 7007) in KO DMEM medium sup-
0.2% for 15 min. The wells were finally washed twice with deionized plemented with 20 % KSR, AANE, 2mM Glutamax, Penicillin/
Streptomycin and 100 pM Beta-mercaptoethanol. To allow for
microscope. The pictures were analyzed with Fiji to assess the area of melanosphere formation, cells were left to grow for 4 days before
drug treatment.
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Fig. 9 | Transcriptional inhibition waves induced by synthetic ecteinascidins in
melanoma and SCLC cells. a, b Heatmap showing average 18S-normalized
expression (n =3) of the indicated genes in 501mel a and MM029 b cells treated
with either lurbinectedin, ecubectedin or PM54 (5xIC50 concentration) for the
indicated period of time. Results were obtained by RT-qPCR and are shown as
relative expression compared to DMSO-treated cells. RPL13a is a housekeeping
gene. ¢ Heatmap showing average 18S-normalized expression (n =3) of the indi-
cated genes in DMS53 cells (SCLC) treated with synthetic ecteinascidins (5xIC50
concentration (IC50 = 0.11 nM for lurbinectedin, 0.16 nM for ecubectedin and

0.15 nM for PM54)) for the indicated period of time. Results were obtained by RT-
qPCR and are shown as relative expression compared to DMSO-treated cells.
RPL13ais a housekeeping gene. d Upper panel: This analysis (2= 3) focuses on three
gene sets: (1) genes commonly do lated aftert in melanoma, SCLC,
and NSCLC cells, (2) putative super-enhancer-dependent genes in DMS53 SCLC

cells, and (3) genes whose expression exhibited a fold change between 0.9 and 1.1
relative to DMSO, which we considered unaffected by the treatment (GSE195663).
These sets comprised 648,424, and 8435 genes, respectively. From these genes, we
selected only the genes presenting H3K27ac peaks located at their transcription
start sites (TSS), yielding 348 genes for the commonly downregulated genes across
the three cancers, 424 for the SCLC super-enhancer-dependent genes, and 1434 for
the unaffected genes (see Supplementary Data 7). Metaplot distribution shows
H3K27ac signal ina + 5 kb window around the TSS of these three groups of genes in
mock- or lurbinectedin-treated DMS53 cells (GSE179074). Lower panel: Heatmap
profiles representing the read density clusters obtained with seqMINER for the
H3K27ac signal. e Gene tracks showing H3K27ac occupancy and RNA-Seq signals
(n =3) at the CDKS (top), MYC (middle) and RPL13a (bottom) loci in mock- or
lurbinectedin-treated DMSS53 cells.

To analyze melanosphere viability after drug treatment, cells were
treated with CellTiterGlo reagent (Promega) according to the manu-
facturer’s instructions. Luminescence signals were measured with a
Centro XS LB 960 microplate reader (Berthold).

Immunofluorescence assays

After PBS-rinsing, cells grown on coverslips were fixed with 4% par-
aformaldehyde for 15 min. Cells were then permeabilized with PBS
and 0.1% Triton X-100. Blocking was done with 10% BSA. Primary
antibodies were incubated overnight at 4 °C, after which cells were
stained for 1h at room temperature with AlexaFluor-conjugated
secondary antibodies diluted in PBS +10% FCS (Life technologies)
and stained with DAPI. For BRD4 and MED1 foci quantifications,
image acquisition was performed on a TCS SPS inverted confocal
microscope (Leica), and foci were counted using the Cell Counter
plugin of the Fiji software.

For immunohistology, tumors were grown as mentioned above
and were extracted after 24 h following a single dose of placebo
treatment or 1.2 mg/kg of ecubectedin or PM54. In parallel, untreated
tumors were extracted. The tumors were fixed in 10% formalin and
embedded in paraffin for histology. Slides prepared from 5 pm-thick
paraffin sections were processed for antigen retrieval in 10 mM sodium
citrate buffer (PH= 6.0) for 45 min at 95 °C in a water bath. The slides
were cooled down at room temperature (RT) for 15 min. They were
rinsed in PBS and then incubated in a humidified chamber for 16 h at
4 °C, with the primary antibodies diluted in PBS containing 0.1% (v/v)
Tween 20 (PBST) to detect mitotic (pHH3-positive) and apoptotic
(cleaved caspase 3-positive) cells. After rinsing in PBST, detection of
the bound primary antibodies was performed for 1h at room tem-
perature in a humidified chamber using 555-conjugated secondary
rabbit IgG antibody. The sections were then counterstained with DAPI
to label nuclei. Stained sections were digitalized using a slide scanner
(Nanozoomer 2.0-HT, Hamamatsu) and analyzed with the corre-
sponding ND.View2 software.

Large 8-Bits digital scanned images of tumors stained for nuclei
(10,000 to 30,000 nuclei per section) and pHH3 or cleaved caspase 3
were processed through an inhouse python (v3.8) algorithm to quan-
tify positive cells. Basically, blue channels were proposed to a Cell-
pose2 model (deep learning model backboned by pytorch process) to
segment nuclei. Subsequently, nuclei were analyzed for specific sig-
nals. For pHH3, a nucleus was considered positive if total pixels above
50 in intensity value exceeds 20% of nuclei surface (in 8 Bits image
values range from O [no signal] to 255). Hence, we ensured that we did
not consider unspecific background signals or insignificantly bright
signals. The same procedure was applied to Caspase3 with pixel value
set to 50 and minimal covered surface set to 30%. For each image, a
ratio of positive cells/total nuclei was returned as the experimental
variable. Statistics were produced using python’s pingouin library
(v0.5.3) with two-way ANOVA and post hoc tests being built-in
functions.

High throughput sequencing

Supplementary Data 9 provides additional information about high
throughput sequencing data, including among others, sequences
quality controls, preprocessing, mapping, quantification and normal-
ization methods, as well as size-number matched shuffled regions
controls for Chem-Map data.

a. Bulk RNA-Seq and analysis. Library preparation was performed at
the GenomEast platform at the Institute of Genetics and Molecular and
Cellular Biology using TruSeq Stranded Total RNA Reference Guide -
PN 1000000040499. Total RNA-Seq libraries were generated from
700 ng of total RNA using TruSeq Stranded Total RNA Library Prep
Gold kit and TruSeq RNA Single Indexes kit A and B (Illumina, San
Diego, USA), according to manufacturer’s instructions. Briefly, cyto-
plasmic and mitochondrial ribosomal RNA (rRNA) was removed using
biotinylated, target-specific oligos combined with Ribo-Zero rRNA
removal beads. Following purification, the depleted RNA was frag-
mented into small pieces using divalent cations at 94 °C for 8 min.
Cleaved RNA fragments were then copied into first strand cDNA using
reverse transcriptase and random primers followed by second strand
cDNA synthesis using DNA Polymerase | and RNase H. Strand specifi-
city was achieved by replacing dTTP with dUTP during second strand
synthesis. The double stranded cDNA fragments were blunted using T4
DNA polymerase, Klenow DNA polymerase and T4 PNK. A single ‘A’
nucleotide was added to the 3" ends of the blunt DNA fragments using a
Klenow fragment (3' to 5'exo minus) enzyme. The cDNA fragments
were ligated to double stranded adapters using T4 DNA Ligase. The
ligated products were enriched by PCR amplification. Surplus PCR
primers were further removed by purification using AMPure XP beads
(Beckman-Coulter, Villepinte, France) and the final cDNA libraries were
checked for quality and quantified using capillary electrophoresis.
Libraries were sequenced on an Illumina HiSeq 4000 sequencer as
single read SO base reads. Image analysis and base calling were per-
formed using RTA version 2.7.7 and bcl2fastq version 2.20.0.422.
Reads were preprocessed to remove adapter and low-quality
sequences (Phred quality score below 20). After this preprocessing,
reads shorter than 40 bases were discarded for further analysis. These
preprocessing steps were performed using cutadapt version 1.10.
Reads were mapped to rRNA sequences using bowtie version 2.2.8 and
reads mapping to rRNA sequences were removed for further analysis.
Reads were mapped onto the hgl9 assembly of Homo sapiens genome
using STAR version 2.5.3a. Gene expression quantification was per-
formed from uniquely aligned reads using htseq-count version 0.6.1p1,
with annotations from Ensembl version 75 and “union” mode. Only
non-ambiguously assigned reads have been retained for further ana-
lyzes. Read counts have been normalized across samples with the
median-of-ratios method proposed by Anders and Huber” to make
these counts comparable between samples. Comparisons of interest
were performed using the Wald test for differential expression*’ and
implemented in the Bioconductor package DESeq2 version 1.16.1.
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Genes with high Cook’s distance were filtered out and independent
filtering based on the mean of normalized counts was performed. P-
values were adjusted for multiple testing using the Benjamini and
Hochberg method™. Deregulated genes were defined as genes with
log2(Fold change) > 1 or <-1and adjusted P-value < 0.05.

Volcano plots were generated using the Prism9 statistical software
(GraphPad). Heatmaps were generated using Morpheus (https:/
software.broadinstitute.org/morpheus). Venn diagrams were gener-
ated using DeepVenn (http://www.deepvenn.com/) and representation
factors and hypergeometric P-values were determined using Graeber lab
software (https://systems.crump.ucla.edu/hypergeometric/). GO Analy-
sis was performed using ShinyGO. Metascape and enrichr analyzes can
be found in Supplementary Data 9*'. The number of assigned reads for
each sample exceeds 15.10° (Supplementary Data 9), ensuring adequate
coverage of the majority of expressed genes, with the exception of very
low-expressed ones.

b. Chem-map and Cut&Tag. 501mel and MMO029 cells were seeded
and grown to sub-confluency in 15-cm plates before treatment for 8 h
with DMSO, biotinylated lurbinectedin (Bio-lurbi) or biotinylated
PM54 (Bio-PM54) at a concentration equivalent to 10xICS50 (see
Table 1). Chem-map (Biological triplicates) and CUT&TAG (Biological
duplicates) were then performed using the Active Motif CUT&Tag-IT
assay kit (53160, 53165), following the manufacturer’s instructions.
Briefly, 5% 10° cells per condition were collected and washed twice
before being bound to Concanavalin A beads and then incubated
overnight at 4 °C with primary antibodies (1:50 dilutions). The fol-
lowing day, the corresponding guinea pig Anti-rabbit or rabbit Anti-
mouse secondary antibodies were used at a 1:100 dilution in digitonin
buffer and incubated at room temperature for 1h. Subsequently, the
CUT&TagAT Assembled pA-Tn5 Transposomes were incubated at
room temperature for 1h, and cells were resuspended in Tagmenta-
tion buffer and incubated at 37 °C for 1 h. The Tagmentation process
was then stopped by adding EDTA and SDS. Protein digestion was
performed by adding Proteinase K (10 mg/mL) and incubating at 55 °C
for1h. The DNA was retrieved with DNA purification columns provided
by the manufacturer and was then subjected to library preparation and
PCR amplification and purified by 2 successive washes with SPRI beads.
Libraries were sequenced on an lllumina NextSeq 2000 sequencer as
paired-end 50 base reads. Image analysis and base calling were per-
formed using RTA version 2.7.7 and BCL Convert version 3.8.4. The
adapter sequence: CTGTCTCTTATA has been trimmed with cutadapt
118 with option: -a CTGTCTCTTATA -A CTGTCTCTTATA -m 5 -e 0.1
and Bowtie2’? parameter: -N 1 -X 1000, was used for mapping to the
human genome (hgl9). After the mapping, reads overlapping with
ENCODE blacklist V2 were filtered. Each de-duplicated read was
extended to its fragment size. Tracks were normalized with RPKM
method. Peak calling was performed using Macs2 2.2.7.1*in BEDPE and
narrow mode. narrowPeaks from biological triplicate samples were
then merged to a single master peak set. BEDtools™ was used to cal-
culate the read coverage for each peak and for each sample. Peaks
were annotated using Homer* software with ucsc 6.4 gene annotation.
Promoters were defined as regions extending from 1kb upstream to
100 bp downstream of the TSS and the “Annotate peaks” Homer tool
was then employed to identify the promoters bound by the drugs.
Bigwig tracks were generated using bamCoverage from deepTools
3.54" and normalized with RPKM method. The differential analysis
was performed using DESeq2”. Peak correlation analysis was per-
formed using DiffBind™ r package. Heatmap and average profile ana-
lyzes were performed using seqMINER* and deepTools. For Super-
Enhancer calling, ROSE algorithm version 0.1 (http://younglab.wi.mit.
edu/super_enhancer_code.html) was applied with default parameters
(stitch distance = 12500%“") using the BRD4 or H3K27ac peaks identi-
fied by MACS2 with the Cut&Tag experiments. TSS regions (Refseq
TSS +1000 bp) were excluded. We defined SEs as ‘bona fide’ if they

were positive for both H3K27ac and BRD4 signals. ROSE-gene mapper
(Default parameters, hgl9) was used to link super enhancers to tar-
geted genes based on proximity and regulation potential. We con-
sidered Bio-lurbi or Bio-PM54 binding peaks to be overlapping with
bona fide SEs if there was at least 1 bp of overlap. Similarly, all other
overlapping analyzes considered different peaks as overlapping if
there was at least 1bp of overlap.

c. ATAC-Seq. 50Imel and MMO029 cells were seeded and grown to sub-
confluency in 15-cm plates, and ATAC-Seq was then performed using
the Active Motif ATAC-Seq Kit (53150), following the manufacturer’s
instructions. Briefly, 1 x 10° nuclei were isolated by adding 100 pL ice
cold ATAC-lysis buffer to the cell pellet. After centrifugation (500g,
10 min at 4 °C), cells were washed and incubated with the tagmenta-
tion master mix in a shaking heat block at 37°C/200g for 30 min.
Obtained DNA was taken up in DNA purification buffer, purified using
the contained DNA purification columns, amplified for 10 cycles using
indexed primers, and size-selected using SPRI beads. Libraries were
sequenced on an lllumina NextSeq 2000 sequencer as paired-end 50
base reads. Image analysis and base calling were performed using RTA
version 2.7.7 and BCL Convert version 3.8.4. Samples were analyzed
using the ENCODE ATACseq pipeline release v2.0.2 with hgl9 assem-
bly. All the experiments were performed in biological duplicates.

d. Shuffled analysis. To assess the specificity of signal enrichment, a
control dataset was generated by using shuffled genomic regions for
Bio-Ecteinascidins, ATAC-seq, CpG islands and super-enhancer peaks.
The shuffling process was implemented using “bedtools shuffle” tool,
which randomly redistributed the control regions across the genome
while ensuring they did not overlap with the experimental regions.
These shuffled regions were subjected to the same analysis pipeline as
the targeted regions to serve as a negative control in downstream
enrichment analysis.

Identification of active enhancers using ABC-scoring

The Active-By-Contact (ABC) model*’ was used to integrate ATAC-
Seq, Cut&Tag and RNA-Seq data to generate a genome-wide anno-
tation of all active cis-candidate regulatory regions (cCRE) directly
implicated in activating gene expression in S01mel cells. First, can-
didate cCREs were identified using the makeCandidateRegions
function which integrated ATAC-Seq narrow peaks and ATAC-Seq
bam alignments. Settings were changed to 250 bp extension from the
summit and peak strength equal to 1.5 x 10°. cCRE activity was then
measured using the run.neighborhoods function where candidate
cCREs were integrated with H3K27ac bam alignments, followed by an
additional removal of cCREs linked to housekeeping genes whose
activity may interfere with ones linked to cell-state/identity genes.
Next, we estimated the ABC power law score using the predict
function. Here, the obtained cCREs were assessed for their predicted
physical contacts with nearby genes based on HiC data. HiC para-
meters were obtained using the juicebox_dump and compute_po-
werlaw_fit from_hic functions and a publicly available SKMEL-5
(differentiated melanoma cells) HiC hS matrix (GSE105491*), used to
train the model. This HiC matrix was converted into juicer format
using hic-converter (https://github.com/4DGB/hic-converter). HiC
parameters were set as follows: --hic_gamma 0.9456060921860431,
--hic_scale 5.081208553261949, --hic_gamma_reference 0.87, --hic_p-
seudocount_distance 5000. All putative cCREs were filtered using the
filter_prediction script, and setting an ABC-score threshold of 0.02
we removed self-promoter contacts and retained only cCREs linked
to expressed genes. Using R, cCREs were ranked based on their final
ABC-scores measured as the sum of the ABC-score values of their
related genes. Differentially expressed genes determined by RNA-
Seq were used to identify their associated promoter-cCRE interac-
tions. Plots were generated using R and GraphPad Prism.
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RNA extraction and RT-qPCR

Total RNA isolation was performed according to the manufacture
protocol with NucleoSpin RNA Plus kit (Macherey-Nagel). RNA was
retrotranscribed with Reverse Transcriptase Superscript IV (Invitro-
gen), qPCR was performed with SYBR Green (Roche) and on a Light-
Cycler 480 (Roche). Target gene expression was normalized using 18S
as reference gene.

ChIP-qPCR

501mel and MMO29 cells were seeded and grown to sub-confluency in 15-
cm plates. After drug treatments, cells were fixed with 0.4 % PFA for
10 min and quenched with 2 M Glycin pH 8. Cells pellets were lysed in
25 mM HEPES pH 7.8, 10 mM NaCl, L5 mM MgCl,, 0.5 % NP-40, 1mM
DTT. Nuclei were resuspended in in 50 mM Hepes-KOH pH 7.8, 140 mM
NaCl, 1mM EDTA, 1% Triton X-100, 0.1 mM Na-deoxycholate, 0.1 % SDS
and sonicated at 4 °C with a Q500 sonicator (Qsonica) to get DNA frag-
ments between 100-500 bp. 50 ug of the sonicated chromatin was then
diluted in Dilution buffer (1% Triton X-100, 2mM EDTA, 20 mM Tris HCI
pH 7.5, 150 mM NaCl) and incubated overnight at 4°C with 5 pg of
respective antibodies. The antibody-chromatin complex was then cap-
tured with a mix of protein A and G Dynabeads (Invitrogen) for 2h at
4°C, and beads were then washed twice in Low Salt Washing Buffer (1%
Triton, 2mM EDTA, 20 mM Tris HCI pH 7.5, 150 mM NaCl, 0.1 % SDS),
High salt Washing Buffer (1 % Triton, 2mM EDTA, 20 mM Tris HCIpH 7.5,
500 mM Nacl, 0.1% SDS), and TE buffer (100 mM Tris HCI pH 7.5, 10 mM
EDTA). Immunoprecipitated chromatin was subsequently eluted from
beads in 1% SDS and 100 mM NaHCO; at 65 °C for 30 min, and crosslinks
were reversed by overnight incubation with Proteinese K (50 pg/ml) at
65 °C. The DNA was finally purified with the QIAquick PCR Purification kit
(QIAGEN), resuspended in 200 uL of water, and analyzed by qPCR.
Quantification of ChIP DNA concentrations with qPCR was performed by
calculating the percent of input for each ChIP sample, calculated as
2*(Ctiinput - CtIP) x 100. Subsequently, the obtained percentage was
normalized to the negative control IgG. Finally, the fold enrichment of
the drug-treated samples over the DMSO-treated samples was calculated.

Animal studies. Animal studies were carried out at PharmaMar, which
complies with ethical standards and principles governing the use of
animal models. 4- to 6-week-old NSG (Charles River laboratory) or
athymic nude female (Inotiv laboratory) mice were subcutaneously
implanted into their right flank with human melanoma cell suspen-
sions (LOX-IMVI, WM-266-4, 501mel, or 501mel'“™"). Athymic nude
mice were used for their lack of T-cell mediated immunity, which is
suitable for studies requiring longer-term tumor growth observations
(LOX-IMVI and WM-266-4). NSG mice were chosen for their more
severely compromised immune systems, which allow for robust
engraftment and growth of human melanoma cells, including those
resistant to therapies (50lmel and SOlmel'“™"). The experiments
performed in this study is not affected by sex of the animal, conse-
quently only females were used. When tumors began to develop, these
were measured 2-3 times per week. Tumor volume was calculated with
the equation (a x b?)/2, where “a” and “b” referred to the longest and
shortest diameters, respectively. When tumors reached a size of 150
mm3, tumor bearing animals (N = 8/group) were treated with placebo
(saline solution) or ecubectedin or PM54 at 1.2 mg/kg weekly. Tumor
volume and animal body weights were measured 2-3 times per week,
starting from the first day of treatment. The median was determined
for tumor volume/size on each measurement day. Treatment toler-
ability was assessed by monitoring body weight evolution, clinical
signs of systemic toxicity, as well as evidences of local damage in
the injection site. Differences on antitumor effect were evaluated
by comparing tumor volume data as well as median survival time from
the placebo-treated group with Ecubectedin or PM54 treated groups.
For this, a two-tailed Mann-Whitney U test was used. According to
animal care and enforcement, the maximum allowable diameter for

subcutaneous tumors in mice is 20 mm. This limit was not exceeded at
any point. All animals used in this research were housed in a specific
pathogen-free (SPF) environment with a 12 h dark/light cycle, constant
and appropriate room temperature (22-25 °C), with relative humidity
between 55+10% and had free access to food and water.

Antibodies dilutions. ACTb, WB Dilution 1/1000, Cat# 558623, RRI-
D:AB_1645341; ATM, WB Dilution 1/1000, Cat# 2873S, RRI-
D:AB 2062659; AXL, WB Dilution 1/1000, Cat# 13196-1-AP
RRID:AB_10642006; Biotin, 2.5ng/ ChIP-CUT&Tag assay, Cat# 5597S,
RRID:AB_10828011; BRD4, 2.5pg/ ChIP-CUT&Tag assay, Cat# 39909,
RRID:AB 2615059; CDK12, WB Dilution 1/1000, Cat# ABE1861; CDK13,
WB Dilution /1000, Cat# ABE1860; CDK7, WB Dilution 1/2000, Cat#
556345, RRID:AB_396374; Cleaved Caspase-3 (Asp175), WB Dilution 1/
2000, Cat# 9661S RRID:AB_2341188; EGFR, WB Dilution 1/2000 Cat#
sc-373746, RRID:AB_10920395; EP300, WB Dilution 1/1000 Cat# 61401,
RRID:AB 2716754; H3K27ac, 1pg/ChIP-CUT&Tag assay, Cat# 91193,
RRID:AB 2793797; H3K27me3, 1 pg/ChIP-CUT&Tag assay, 9733, RRI-
D:AB 2616029; IRF1, WB Dilution 1/2000, Cat# 8478S RRI-
D:AB_10949108; MED1, WB Dilution 1/1000, Cat# ab64965, AB 1142301;
MITF, WB Dilution 12000, Cat# 12590S, RRID:AB_2616024; MYC, WB
Dilution 1/1000, Cat# sc-764, RRID:AB_631276; PD-L1, WB Dilution 1/
2000 Cat# 13684S, RRID:AB 2687655; Phospho-ATM (Ser1981), WB
Dilution 1/2000, Cat# 13050S, RRID:AB_2798100; Phospho-Histone H3
(Ser10), WB Dilution 1/2000, Cat# 06-570, RRID:AB_310177; Phospho-
Statl (Tyr701), WB Dilution 1/1000, Cat# 9167S, RRID:AB_561284;
yH2AX, WB and IF Dilution 1/1000, Cat# AB22551, RRID:AB_447150;
RPB1, 2.5pg/ ChIP-CUT&Tag assay, Cat# AF6851, RRID:AB_2847574;
RPBI1, 2.5pg/ ChIP-CUT&Tag assay, Cat# AF6851, RRID:AB 2847574;
SOX10, WB Dilution 1/1000, Cat# sc-365692, RRID:AB_10844002;
SOX9, WB Dilution 1/1000 Cat# 82630S, RRID:AB 2665492; STAT1, WB
Dilution 1/1000, Cat#14994S, RRID: AB_2737027; Vinculin, WB Dilution
1/1000, Cat# V4505-100UL, RRID:AB 477617

Statistics and reproducibility

Experimental data was plotted and analyzed using either Excel (Micro-
soft) or GraphPad Prism (GraphPad Software Inc.). The tests used inclu-
ded ordinary one-way ANOVA using Dunnett’s multiple comparisons test,
Logrank (Mantel-Cox) test, Hypergeometric distribution test, One-way
ANOVA with post-hoc Tukey adjustment comparisons, the Benjamini and
Hochberg test method, the ‘Fisher's Exact Test, and the Wald test. Dif-
ferences were considered significant at P < 0.05. Each in vitro experiment
was repeated independently at least three times unless indicated differ-
ently. The number of samples and replicates are indicated in the
respective figure legends. No data were excluded from the analyzes.
These experiments do not require blinding of the investigator.

Resource availability

Lead contact. Further information and requests for resources and
reagents should be directed to and will be fulfilled by the Lead Contact,
Frédéric Coin (fredr@igbmc.fr). All data are available in the Source
Data File.

Extended resource table. An extended resource table with anti-
bodies, oligonucleotide sequences, chemicals and reagents used in
this work is provided in Supplementary Data 8.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The publicly available data used in this study are available in the GEO
database under the following accession codes: the RNA-seq, ChIP-seq
and ATAC-seq data from SCLC cell lines; GSE179074" and
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GSE195663%,

the RNA-seq data from the MMO047 cell line;

GSE205463%, the ATAC-seq and CUT&Tag data from the ECC4, A99
and DMSS3 cell lines; GSE190618, and the SKMEL-5 (differentiated
melanoma cells) HiC h5 matrix GSE105491*. The raw RNA-seq, ATAC-
seq, and Cut&Tag data generated in this study have been deposited at
GEO under accession numbers GSE256100 and GSE256094. The
remaining data are available within the Article, Supplementary Infor-
mation or Source Data file. Source data are provided with this paper.
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The transcriptional response to genotoxic stress involves gene expression
arrest, followed by recovery of mRNA synthesis (RRS) after DNA repair. We find
that the lack of the EXD2 nuclease impairs RRS and decreases cell survival after
UV irradiation, without affecting DNA repair. Overexpression of wild-type, but
not nuclease-dead EXD2, restores RRS and cell survival. We observe that UV
irradiation triggers the relocation of EXD2 from mitochondria to the nucleus.
There, EXD2 is recruited to chromatin where it transiently interacts with RNA
Polymerase II (RNAPII) to promote the degradation of nascent mRNAs syn-
thesized at the time of genotoxic attack. Reconstitution of the EXD2-RNAPII
partnership on a transcribed DNA template in vitro shows that EXD2 primarily
interacts with an elongation-blocked RNAPII and efficiently digests mRNA.
Overall, our data highlight a crucial step in the transcriptional response to
genotoxic attack in which EXD2 interacts with elongation-stalled RNAPII on
chromatin to potentially degrade the associated nascent mRNA, allowing
transcription restart after DNA repair.

Cells are regularly exposed to endogenous and exogenous genotoxic
attacks that induce damage in the DNA molecule*’. The generation of
DNA damage can potentially challenge several fundamental cellular
processes such as transcription or replication and can ultimately cause
diseases such as cancer if not repaired’”. The identification of several
protective mechanisms against genotoxic stress highlights the
importance of maintaining genome integrity to ensure low mutation
frequencies in the genome’. One such mechanism, the nucleotide
excision repair (NER) pathway, removes DNA adducts such as pyr-
imidine (6-4) pyrimidone (6-4PP) or cyclobutane pyrimidine dimers
(CPD) that are produced by UV light””. Two NER sub-pathways co-exist
in cells: global genome NER (GG-NER), which removes DNA damage

from the entire genome, and transcription-coupled NER (TC-NER),
which corrects lesions located on actively transcribed genes™'°™. In
GG-NER, the concerted action of XPC and/or DDB2-containing com-
plexes enables the detection of DNA damage in the genome, whereas
in TC-NER, an actively transcribing RNA Polymerase Il (RNAPII), which
is stalled by a lesion, triggers efficient removal of cytotoxic damage'**.

To protect the integrity of gene expression under genotoxic
attack, cells undergo a transcription stress response that includes
global inhibition of transcription occurring in two steps: rapid and
local inhibition of elongation due to the stalling of RNAPII in front of
transcription-blocking DNA damage' which is followed by a global
inhibition of transcription initiation occurring on both damaged and
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undamaged genes'*"’. Recent evidence has shown that global inhibi-

tion takes place after the degradation of the pool of RNAPII"**. After
DNA repair, cells recover transcription in an active process involving
transcription and chromatin remodeling factors® *'. Recovery of RNA
synthesis (RRS) encompasses both the re-initiation of expression at the
promoters of actively transcribed genes and the restart of RNAPIl
molecules already in elongation. Despite recent advances in our
understanding of the transcriptional stress response to genotoxic
attack, the actors and mechanisms responsible for RRS after DNA
repair remain largely elusive. Finding new players involved in RRS is
therefore crucial to better understand this process at the molecular
level and its role in genome stability.

We unveil here that EXD2, a RNA/DNA nuclease previously shown
to be involved in homologous recombination and in the replication fork
protection pathway”~, is essential for RRS after the genotoxic attack.
Cells lacking EXD2 or expressing a nuclease-dead version of the enzyme
are unable to restore global RNAPIl-dependent transcription after UV
irradiation, resulting in decreased resistance to genotoxic attack.
Mechanistically, we demonstrated that EXD2 is not involved in the
removal of UV-induced photoproducts. Instead, UV irradiation pro-
vokes the re-localization of EXD2 from mitochondria to the nucleus and
its translocation to chromatin. There EXD2 transiently interacts with
RNAPII and potentially promotes the degradation, during the recovery
phase of transcription, of nascent mRNA being synthesized at the time
of the genotoxic attack. Using a reconstituted transcription system
in vitro, we reconstructed the dynamic association of EXD2 to RNAPII on
a transcribed DNA template and demonstrated that EXD2 preferentially
interacts with an elongation-blocked RNAPIL In such system, the ribo-
nuclease activity of purified EXD2 efficiently processes mRNA.
Accordingly, the interaction between EXD2 and a stalled-RNAPIl was
also observed in vivo using proximal ligation assay (PLA). These findings
unveil a crucial role for EXD2 in the transcription stress response and
are the first to assign a nuclear function to the ribonuclease activity of
EXD2 by showing its involvement in the degradation of mRNA under
synthesis at the time of the genotoxic attack. This degradation is
necessary for an efficient recovery of gene expression after DNA repair.

Results

UV-induced inhibition and recovery of transcription at a defined
genomic locus

In order to identify factors required for transcription recovery after a
genotoxic attack, we first sought to develop a sensitive assay to easily
monitor transcription inhibition and recovery after UV irradiation. As
depicted in Supplementary Fig. 1a, we used a doxycyclin (dox)-indu-
cible transcription/translation reporter system integrated at a single
site on genomic DNA in the human osteosarcoma U-2 OS cell line. This
system allows visualization of the genomic locus, its nascent mRNA
transcript (CFP-SKL), and protein product (CPF-SKL)”"*. After a 2-h
dox treatment, we detected transcription of CFP-SKL in 80% of the
cells (Supplementary Fig. 1b). A 2-h dox treatment followed by a
recovery period in the absence of dox (I- to 4-h) triggered an accu-
mulation of CFP-SKL protein expression (Supplementary Fig. 1c). The
plasticity of this system also allowed us to measure the transcriptional
activity of the cells in a specific time window after UV-irradiation. For
this purpose, cells were irradiated with UV (30)/m?) and pulsed with
dox for 2 h at different times after the genotoxic attack. Under these
conditions, we noticed a strong inhibition of CPF-SKL mRNA expres-
sion at early times after UV irradiation (Supplementary Fig. 1d, right
panel, lanes 1 and 2). Interestingly, CPF-SKL mRNA expression recov-
ered over time after irradiation (lane 3) and knockdown of the TC- and
GG-NER factor XPA prevented this recovery (lanes 4-6 and left panel).
CPF-SKL protein expression followed that of its mRNA with a strong
inhibition early after irradiation and a progressive recovery that was
completed 18 h after irradiation (Supplementary Fig. le). These data
indicate that CPF-SKL expression recapitulates the rapid inhibition and

progressive recovery of global transcription that is generally com-
pleted 20 h after a genotoxic attack when DNA repair is efficient?”*".

EXD2 is a critical factor for RRS

To explore the mechanism of transcription recovery after genotoxic
stress, we used the reporter assay described above and tested a small
number of selected candidates for their potential involvement in RRS.
As expected, knockdown of the TC-NER factors CSA and CSB inhibited
recovery of CFP-SKL expression (Fig. 1a). Interestingly, the 3’ to 5’ DNA/
RNA exonuclease EXD2 emerged as a potential effector of transcrip-
tion recovery after UV irradiation (Fig. 1a, b). The lack of recovery of
CFP-SKL expression in the absence of EXD2 was confirmed by RT-qPCR
(Fig. 1c) and resulted in 70% inhibition of de novo translation of CFP-
SKL over time after UV irradiation (Fig. 1d, compare lanes 10-14 and
3-7). Of note, we observed that the accumulation of nascent CFP-SKL
mRNA or de novo CFP-SKL protein was not impaired by the knock-
down of EXD2 in the mock-treated cells (Fig. 1b, compare panels b1-b2-
b3 with bl0-bl1-b12 and Fig. 1d, compare lane 2 and 9). These data
suggest that EXD2 is required for RRS following a genotoxic stress.

EXD2 nuclease activity is required for RRS

We next used HeLa EXD2 CRISPR knock-out cells (EXD27"-cl1)* (Fig. 2a,
compare lanes 1 and 2) to measure the impact of EXD2 on global RRS.
We pulse-labeled nascent mRNAs at various time points after UV irra-
diation (15)/m?) using 5-ethynyluridine (EU)". At this UV dose, all tran-
scribed gene strands should contain at least one lesion that blocks
RNAPII elongation®. We pre-treated the cells with a low concentration
of actinomycin D (0.05ug/ml) to abolish the intense nucleolar EU
staining due to RNAPI-dependent ribosomal RNA synthesis. In these
conditions, EU incorporation mainly reflects RNAPIl-dependent RNA
transcription’. Within the first hour after UV irradiation, we observed a
strong inhibition (50%) of mRNA synthesis in both EXD2"* and
EXD2""-cll cells (Fig. 2b and Supplementary Fig. 2a, panels a.l-a.2 and
a.5-a.6). In agreement with the above data, RRS was progressively
restored in wild-type EXD2" cells over time, whereas it remained
deficient in EXD27"-cl1 cells (Fig. 2b and Supplementary Fig. 2a panels
a.3-a.4and a.7-a.8). This defect was similar to the RRS defect observed in
the CSIANSV cell line from CS-B patient (in which the TC-NER factor CSB
was deficient)” (Supplementary Fig. 2b).

To explore the role of the exonuclease activity of EXD2 in RRS,
EXD2-cll1 cells were subsequently complemented with either FLAG-
HA-tagged wild-type (EXD2" +EXD2""-cll) or dominant negative
nuclease-dead EXD2 containing two substitutions at positions D108
and E110 (EXD2 +EXD2P'A*10%.cl]). These two amino-acids are
located in the active site of EXD2 and are known to be essential for its
nuclease activity”**. RRS was restored in EXD2™" + EXD2""-cl1 cells but
not in the nuclease-dead EXD2 +EXD2"'*A 1% c|1 cells (Fig. 2b, c,
compare panelsc.1,c.2,c.3 with c.4, c.5, c.6), showing that RRS requires
the nuclease activity of EXD2. We noted that the stability of the
RPB1 subunit of RNAPII after UV-irradiation was not affected by the
depletion of EXD2 or the lack of its exonuclease activity (Supplemen-
tary Fig. 2c). As noted above, we also observed that mRNA synthesis
was indistinguishable in all four mock-treated Hela cells, suggesting
that EXD2 is not required for RNAPII-dependent transcription in the
absence of genotoxic attack (Fig. 2¢, panels c.1 and c.4, and Supple-
mentary Fig. 2a, panels a.1 and a.5). Similar results were obtained with
an additional set of HeLa clones (EXD27/"-cl2, EXD2"" + EXD2""-cI2 and
EXD2 + EXD2P1%8AH104.¢]9) (Supplementary Fig. 2d-e), but also under
conditions in which cells were synchronized at GO-Gl1 to prevent cell
division (Supplementary Fig. 2f). Thus, the knockdown as well as
overexpression studies complement one another and establish that
EXD2 exonuclease activity has a crucial function in RRS following UV
irradiation.

In a second set of experiments, we evaluated the role of EXD2 in
response to various treatments provoking transcription arrest without
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observed similar transcriptional recovery in EXD27 + EXD2""-cll and
EXD27 + EXD2P108AE10A. 1 (Supplementary Fig. 3). Taken together,
these results suggest that EXD2 specifically contributes to the global
transcription recovery operating after a genotoxic stress such as UV
irradiation.
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Lack of EXD2 nuclease activity leads to mild UV sensitivity

To further examine the consequences of a lack of EXD2 activity on
cell homeostasis, we measured the UV sensitivity of EXD27"-cll,
EXD27" +EXD2""-cl1, and EXD27 + EXD2P'*AE10A.¢[1 cells in compar-
ison with the parental EXD2"* cells as well as the CS-B patient CSIANSV
cell line and the HeLa XPC™” (in which the GG-NER factor XPC was
depleted)™. Upon increasing doses of UV irradiation, knockdown of
EXD2 activity resulted in hypersensitivity of EXD2""-cl1 and EXD2""
+ EXD2P1OSAEI0A. 01 cells, compared to EXD2"* and EXD27~ + EXD2"'-

Nature Communications | (2023)14:341

144



Article

https://doi.org/10.1038/s41467-023-35922-5

Fig. 1 | Knockdown of EXD2 impairs RRS of CFP-SKL. a U-2 OS cells were trans-
fected with siRNA for 24 h, then with a construct expressing mCherry-lacR for 24 h
before UV irradiation (30 J/m? and 2-h pulse-incubation with dox starting at various
time points post-UV. Nascent CFP-SKL mRNAs were detected at the reporter locus
by accumulation of the MS2-YFP protein to the MS2 RNA loop. Quantification of the
transcribing locus is expressed as % of cells showing YFP-MS2 accumulation at a
single locus (n=at least 250 cells in five independent experiments). Bars represent
mean values of three different experiments (Biological triplicates) (+/-SD). One-
way ANOVA with post-hoc Tukey adjustment comparisons were used to determine
the p-values. Source data are provided as a Source Data file. b Representative
confocal images of cells treated with siCTL or siEXD2. Images of the cells were
obtained with the same microscopy system and constant acquisition parameters.
c Cells were treated as described above and after the 2-h pulse-incubation with dox,
the relative amount of CFP-SKL mRNA was quantified by RT-qPCR. Bars represent

mean values of three different experiments (Biological triplicates) (+/~SEM). One-
way ANOVA with post-hoc Tukey adjustment comparisons were used to determine
the p-values. Source data are provided as a Source Data file. d U-2 OS cells were
treated as described above. After the 2-h pulse-incubation with dox, the cells were
let to recover for 4 h before lysis. Extracts were resolved by SDS-PAGE and immuno-
blotted with anti-GFP (recognizing both the MS2-YFP and CFP-SKL proteins) and
anti-EXD2. Lanes 1 and 8 are negative controls in which cells were not treated with
dox. Lanes 2 and 9 are positive controls in which cells were treated with dox for 2h
before to recover 4 h in the absence of dox. Molecular sizes are indicated (KDa).
CFP-SKL signals were quantified using ImageJ software (NIH), normalized with YFP-
MS2 signals and reported on the graph (1 is the value for dox (+) for siCTL or
siEXD2). Bars represent mean values of three different experiments (Biological
triplicates) (+/-SEM). Source data are provided as a Source Data file.
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Fig. 2 | Knockdown of EXD2 nuclease activity impairs global RRS. a Protein
lysates from EXD2", EXD2"-cl1, EXD2 "+ EXD2""-cll and EXD2 " + EXD2DWsVEIOA.
cll cells were immuno-blotted for proteins as indicated. Molecular mass of the
proteins is indicated (kDa). Source data are provided as a Source Data file. b Cells
were mock- or UV-irradiated (15 J/m?) and mRNA was labeled with EU at the indi-
cated time points post-UV. EU signal was quantified by Image] and relative inte-
grated densities, normalized to mock-treated level set to 100%, are reported on the

graph (n = at least 20 cells per conditions). Red bars indicate mean integrated
density. RT recovery time. One-way ANOVA with post-hoc Tukey adjustment
comparisons were used to determine the p-values. Source data are provided as a
Source Data file. ¢ Representative confocal images of EXD27~ + EXD2""-cl1 and
EXD2 7" + EXD2UI®VEIOA. e treated like in b. Images of the cells were obtained with
the same microscopy system and constant acquisition parameters.

cllcells (Fig. 3a). Interestingly, UV sensitivity of EXD27"-cl1and EXD2™"
+ EXD2PIOSNEIOA. ¢ 1 cells was similar to that found in the TC-NER defi-
cient CS-B cells but not as pronounced as the one found in the highly
sensitive GG-NER deficient XPC™" cells.

To determine whether EXD2 was involved in the removal of UV-
induced DNA damage by NER, we measured GG- and TC-NER in cells
depleted of EXD2 activity. To this end, we first performed
immunofluorescence-based quantification of UV lesions directly in cell
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Fig. 3 | Knockdown of EXD2 nuclease activity sensitizes cells to UV irradiation.
a Cells were treated with increasing doses of UV irradiation and survival was
determined 48 h later. Data were normalized to the mock treatment controls (as
value of 100). The values are the means of three independent experiments
(+/-SEM) (Technical triplicates). Source data are provided as a Source Data file.
b, c Removal of UV lesions was measured in cells, harvested at different time points
post-UV (15)/m?) as indicated. Cells were labeled with anti-CPD (b) or anti-6-4PP (c)
antibodies and signals were quantified using Image) at the different times indicated
inthe figure. Graphrepresents the % of lesions remaining in the genome at different
time points normalized to the amounts of lesions measured immediately after UV
irradiation (as a value of 100%). For each time point, a mean of 30 cells has been
analyzed. Red bars indicate mean integrated density. RT; recovery time. (-); cells
were mock-irradiated. O; cells were irradiated and fixed immediately. One-way
ANOVA with post-hoc Tukey adjustment comparisons were used to determine the
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p-values. Source data are provided as a Source Data file. d GG-NER deficient XPC
cells were treated either with siRNA against the TC-NER factor XAB2, the TC- and
GG-NER factor XPF or against EXD2 for 24 h before local UV irradiation (50 J/m?
and EdU staining. The local TCR-UDS signals were quantified by Image] and
reported on the graph. At least 15 cells were quantified for each situation. Red bars
indicate mean integrated density. One-way ANOVA with post-hoc Tukey adjust-
ment comparisons were used to determine the p-values. Source data are provided
as a Source Data file. e Cells were treated with Et743 (0.5 nM) and survival was
determined 48 h later. Data were normalized to the mock treatment controls (as a
value of 100). The values are the means of three independent experiments
(+/-SEM) (Biological triplicates). One-way ANOVA with post-hoc Tukey adjustment
comparisons were used to determine the p-values. Source data are provided as a
Source Data file.

nuclei”. The removal rate of the two main types of UV lesions in
EXD27-cll and EXD27" + EXD2'®4*10%.¢|] cells was higher to that of
HeLa XPC ™" cells and identical to that of EXD2"* or EXD2™ + EXD2"'-
cll cells, implying that GG-NER was efficient in cells lacking EXD2
nuclease activity (Fig. 3b, c). We used two different assays to measure
TC-NER. We first performed unscheduled DNA repair synthesis (UDS)
during TC-NER (TCR-UDS)™. Using GG-NER deficient XPC" cells to
ensure that repair replication in the UV-damage area was due to
ongoing TC-NER, we measured repair replication via incorporation of
EdU into newly synthesized DNA after local UV irradiation. Loss of the
TC-NER specific factor XAB2 or TC/GG-NER factor XPF using siRNA
knockdown induced similar deficiency in TCR-UDS, while loss of EXD2
had no impact (Fig. 3d). We next used the particularity of TC-NER
deficient cells to be resistant to the DNA binder and anti-cancer drug
Ecteinascidin 743 (Et743)”. Indeed, the TC-NER deficient CSIANSV
cells showed high resistance to Et743 that was abolished in the

recovered CSIANSV + CSB cells (Fig. 3e). In contrast, knockdown of
EXD2 exonuclease activity did not impact the sensitivity of the corre-
sponding cells to Et743. Finally, while yH2AX accumulated after UV-
irradiation and persisted in NER deficient cells*, no accumulation of
YH2AX after knockdown of EXD2 was observed over time after UV
irradiation (Supplementary Fig. 4). Altogether, these results suggest
that while the knockdown of EXD2 sensitizes cells to UV irradiation, the
nuclease is not involved in GG- or TC-NER.

EXD2 degrades nascent mRNA under synthesis at the time of UV
irradiation

The above data point to a direct processing of mRNA by EXD2
nuclease activity during transcription recovery. To study this func-
tion, we first wanted to analyze the fate of mRNA under synthesis at
the time of UV irradiation and developed the assay described in
Fig. 4a, upper panel. We inhibited ribosomal RNA synthesis with a low
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Fig. 4 | EXD2 degrades mRNA under synthesis at the time of UV irradiation.

a Upper panel; Scheme of the EU pulse-chase method used to analyze the fate of
mRNA being synthesized at the moment of UV irradiation. Cells were incubated for
30 min with Actinomycin D (0.05 pg/ml) to specifically inhibit RNAPI transcription
and mRNAs were pulse-labeled with EU for 10 min prior to UV irradiation (15 J/m?).
Cells were let to recover for 1 h or 16 h post-UV before fixation. Actinomycin D was
maintained during the experiment. Lower panel; Cells were treated as indicated in
the upper panel and EU signals were quantified using Image) and normalized to the
value obtained at 1h set to 100%. Values are reported on the graph (n=at least 50
cells). Red bars indicate mean integrated density. RT; recovery time. One-way
ANOVA with post-hoc Tukey adjustment comparisons were used to determine the

p-values. Source data are provided as a Source Data file. b Upper panel; Compare to
panel a, UV irradiation (15)/m?) was performed 6 h after EU labeling and cells were
let to recover for either 1h or 16 h post-UV before fixation. Actinomycin D was
maintained during the experiment. Lower panel; Cells were treated as indicated in
upper panel and EU signals were quantified using Image). Values are reported on
the graph (n=at least 50 cells). Red bars indicate mean integrated density. RT
recovery time. One-way ANOVA with post-hoc Tukey adjustment comparisons were
used to determine the p-values. No statistically significant differences were detec-
ted at 16 h post-UV between EXD2" + EXD2""-cll and EXD2 " + EXD2 0\ EI0A.

cll cells. Source data are provided as a Source Data file.

concentration of actinomycin D and subsequently labeled nascent
mRNAs with a 10 min EU pulse. We then chased EU and immediately
UV-irradiated the cells (15 )/m?). Fixing them 1 or 16 h post-chase, we
were able to follow, during the recovery phase, the fate of mRNAs
under synthesis when cells were subject to a genotoxic attack. In the
four mock-treated cells, we observed a 50-40% reduced fraction size
of EU-labeled mRNAs between 1 and 16 h of culture (probably
reflecting both the turn-over of mRNAs and their dilution during cell
division) (Fig. 4a and Supplementary Fig. 5a). Interestingly, UV irra-
diation of wild-type EXD2"/* and EXD2™ + EXD2""-cll cells provoked a
70% reduced fraction size of EU-labeled mRNAs between1and16 h of
culture, while EXD27"-cll and EXD27" + EXD2P1°8A*110A.¢]1 cells were
refractory to this reduction and showed a situation similar to mock-
treated cells with a 50-40% reduced fraction size of EU-labeled
mRNAs (Fig. 4a and Supplementary Fig. 5a). Similarly, TCR-deficient
CS-B cells were refractory to UV-induced reduction of EU-labeled
mRNAs, which was restored after CSB"" expression (Supplementary
Fig. 5b). In another set of experiments, we performed UV-irradiation
long after EU labeling (6 h) so that the labeled mRNAs were synthe-
tized long before the UV treatment (Fig. 4b, upper panel). In these
conditions, the reduced fraction size of labeled mRNAs between 1
and 16 h after irradiation was 50-40% for the four cell lines, regard-
less of whether EXD2 nuclease activity was present or not, a situation
that resembles that of the mock treatment (Fig. 4b). These experi-
ments suggest that the EXD2 nuclease degrades, during the recovery

phase, a large fraction of the nascent mRNAs (30%) that were being
synthesized at the time of UV irradiation.

EXD2 translocates to nucleus to interact with RNAPII after UV
irradiation

After having established the involvement of EXD2, during the recovery
phase, in the degradation of mRNA under synthesis at the time of UV
irradiation, we studied the potential connection of the nuclease with
RNAPIL Since the literature on EXD2 suggests that the protein has a
mitochondrial localization that seems incompatible with a potential
nuclear role, we first determined the localization of EXD2 in wild-type
EXD2"* cells in normal conditions and after UV irradiation. Interest-
ingly, whereas the localization of endogenous EXD2 appeared mostly
mitochondrial in the absence of genotoxic stress, UV irradiation trig-
gered the re-localization of a large fraction of the endogenous protein
from the mitochondria to the nucleus (Fig. 5a, panels a.1-a.10). Simi-
larly, the exogenous flag-tagged EXD2 protein in EXD27 + EXD2"'-
cll cells also appeared to partially re-localize to the nucleus after
irradiation, although a fraction appeared to localize to the nucleus
even in the absence of genotoxic stress (Fig. 5a, panels a.21-a.30). To
confirm these observations, we also performed a cell fractionation
experiment on EXD2"" cells. We observed that while EXD2 was mainly
localized in mitochondria in the absence of genotoxic stress (although
asmall fraction was found in the chromatin), a decrease in the amount
of EXD2 in this organelle was observed after UV irradiation, coupled
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with an increase in the amount of EXD2 associated with chromatin
(Fig. 5b). Next, we analyzed the potential interaction between EXD2
and RNAPII and its timing in EXD27" + EXD2""-cl1 cells. Following UV
irradiation (15)/m?, we observed transient coprecipitation between
flag-EXD2 and the RPB1 subunit of RNAPII, which was maximal at 1h
after treatment (Fig. Sc, lanes 9-12) and then begins to decrease at later
time points to reach the level of mock-treated cells 24 h after UV
irradiation (compare lanes 12-14-16). Note that an interaction between
endogenous EXD2 and RNAPII was also observed in HeLa EXD2, 1h
after UV irradiation (Fig. 5d). We next expressed the full-length GST-
tagged EXD2"" in bacteria and performed a GST pull-down assay with
purified RNAPIl from Hela cells”. GST-EXD2"" pulldown co-
precipitated RPB1, suggesting a direct interaction between EXD2 and
RNAPII (Fig. Se). These data highlight a transient direct interaction
between EXD2 and RNAPII taking place quickly after UV irradiation and
persisting during the recovery phase.

EXD2 interacts with a subset of RNAPII that stalls persistently
on DNA

We then asked whether we could reconstitute EXD2 recruitment
in vitro on an elongation-blocked RNAPIl. We approached this
question using a protein/DNA binding assay consisting of a biotiny-
lated DNA template containing the AJMLP promoter and a tran-
scribed region of 309 base pairs. The template was immobilized to
streptavidin beads and incubated with purified RNAPII fraction from
HeLa cells as well as with the recombinant general transcription
factors (GTF: TF1IB, TBP, TFIIE, TFIIF, TFIIH) to form the pre-initiation
complex (PIC). Bacterially purified recombinant EXD2 (rEXD2, with-
out GST) was added at different stages of the assay (Fig. 6a, left
panel). Addition of NTP induced transcription initiation, whereas
their subsequent chase induced RNAPII elongation arrest*’ (Fig. 6a,
middle panel). While western blot analysis of the remaining DNA-
bound proteins revealed a very weak background signal of EXD2 to
the DNA template in the absence of RNAPII and its GTF (Fig. 6a, right
panel, lane 1), a clear recruitment of EXD2 occurred to the PIC in the
absence of NTP (lane 3). In contrast, the presence of EXD2 did not
improve the recruitment of RNAPII or GTFs (as observed for TFIIEx)
(compare lane 2 and 3). The addition of NTP (lane 4) induced the
initiation of transcription and the beginning of the elongation step
characterized by the emergence of RNAPIIO as well as the release of
the basal transcription factor TFIIEa from the DNA template (Fig. 6a,
middle panel)*’. Under these conditions of transcription elongation,
EXD2 was released from the RNAPII complex (compare lane 3 with
lane 5). Interestingly, the chase of NTP, which blocks RNAPII in
elongation, caused EXD2 to be recruited again to the DNA template
(compare lane 5 with lane 7). In another set of experiments, we
determined whether NTP or ATP were required to induce EXD2
release from RNAPII during initiation. The addition of ATP triggered
EXD2 release that was clearly enhanced by the presence of the four
NTP (Fig. 6b).

To further demonstrate the association of EXD2 with stalled
RNAPIlin vivo, we used the proximity-ligation assay (PLA). U-2 OS cells
stably expressing C-terminally tagged EXD2-GFP, in which EXD2 loca-
lized mainly in mitochondria (Supplementary Fig. 6a), were treated
with Flavopiridol, which inhibits RNAPII elongation and causes a slight
relocation of EXD2-GFP to the nucleus (Supplementary Fig. 6a, b).
After Flavopiridol treatment, we detected a nuclear PLA signal indi-
cating EXD2-RNAPII interaction, which was significantly enriched
compared to untreated cells and did not occur with GFP alone (Fig. 6¢).
These data indicate that EXD2 preferentially interacts with an
elongation-blocked RNAPII.

We subsequently examined the impact of the exonuclease activity
of EXD2 on newly synthesized mRNA. To detect mRNA, we com-
plemented the above in vitro system with radio-labeled CTP". Note
that the purified RNAPII fraction from HeLa cells was devoid of EXD2

(Fig. 6d, left panel). Recombinant human EXD2"" and nuclease-dead
EXD2P108ARI0A were purified from insect cells in parallel (Fig. 6d, right
panel). Transcription of the AAMLP-containing DNA template led to
the production of an mRNA transcript of 309 nucleotides length in
30 min (Fig. 6e, lane 1). The addition of increasing amounts of
recombinant purified EXD2"" for the last 10 min of the reaction
induced the degradation of the mRNA transcript whereas EXD2"'**¥
E104 had no impact (compare lanes 3-5 to 6-8). Taken together, these
data suggest that a fraction of EXD2 is recruited to chromatin after UV-
irradiation to directly interact with elongation-blocked RNAPII and
degrade mRNA under synthesis.

Discussion

Transcription is controlled in time and space by complex epigenetic
and signaling-mediated regulatory networks at each step of the pro-
cess. When cells are subjected to genotoxic attack, DNA damage
impacts several crucial cellular functions, including transcription.
Indeed, if these lesions are bulky and located in the transcribed strand
of an active gene, they become a major complication during its tran-
scription because they constitute a strong barrier to RNAPII forward
translocation and result in its blockage, generating transcriptional
genotoxic stress'*% Cells cope with this stress firstly by inhibiting
global gene expression, then by removing lesions that block RNAPII
progression using the TC-NER pathway, and finally by initiating RRS at
both promoters and damaged sites. How cells resume transcription
after an acute genotoxic attack is crucial because inappropriate
restarting is toxic and leads to cellular dysfunction and apoptosis, as
observed in cells from patients with CS, which show intermediate
sensitivity to UV irradiation coupled with a defect in RRS*". With this in
mind, we sought to find new players involved in RNAPII-dependent
gene expression recovery after genotoxic attack and unveiled a key
role for the 3’-5" exonuclease activity of EXD2 in this process. Recent
studies have shown that RNAPI-dependent ribosomal gene transcrip-
tion is also blocked shortly after a genotoxic stress and recovers over
time. A TC-NER machinery removes lesions in ribosomal genes with the
participation of CSA and CSB*'. We tested whether EXD2 was involved
in RNAPI-dependent transcription recovery but did not detect a defect
in this process in cells lacking EXD2 (Dr. Mari-Giglia, personal infor-
mation), suggesting a specific involvement of EXD2 in RNAPII-
dependent transcription recovery after UV irradiation.

Cells lacking EXD2 nuclease activity exhibited deficientin RRS and
intermediate sensitivity to UV irradiation, reminiscent of the pheno-
type observed in TC-NER deficient cells'**?, including CS-B cells in our
study. At first glance, this could indicate that EXD2 is involved in TC-
NER and in the removal of DNA lesions that block RNAPII during
elongation. However, sensitivity to Et743, which required an active TC-
NER pathway”, and the TCR-UDS assay indicate that TC-NER is unaf-
fected by the absence of EXD2, suggesting an uncoupling of efficient
TC-NER from deficient RRS in these conditions. Recently, regulation of
the RNAPII pool by ubiquitination was shown to be central in the
inhibition and restart of transcription in response to genotoxic
stress'"”. Persistent depletion of RNAPII was shown to be largely
responsible for the lack of transcriptional recovery observed in CS-B
cells. Under our conditions, the RNAPII pool was not affected after UV
irradiation by the lack of EXD2 nuclease activity, and we ruled out that
a direct impact of EXD2 on RNAPII stability was involved in the RRS
defect observed in EXD2-deficient cells. Instead, our observations
suggest that EXD2 nuclease acts on mRNA, which was observed both
in vivo, using pulse-labeling of nascent mRNA, and in vitro, using the
transcription/nuclease run-off assay. These assays suggest that the
EXD2 nuclease processes, during the recovery phase, a fraction of
mRNA representing 30% of the nascent mRNA being synthesized at the
time of the genotoxic attack. During RNAPII backtracking, the ability of
RNAPII to cleave its transcript potentially allows transcription to
resume and cells to survive when the lesions are removed. A plethora
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of transcription factors, such as TFIIS, are known to stimulate tran-
script cleavage®. Similarly, it seems reasonable to suggest that the
exonuclease activity of EXD2 is involved in the mRNA processing
associated with RNAPII backtracking in front of DNA lesion as illu-
strated by the dynamic interaction we observed between them, which
transiently kicks in after the genotoxic attack. Moreover, this activity is

<RNAPII

GST-EXD2

15 16 12 3

likely limited to a genotoxic attack situation because mRNA tran-
scription was efficiently recovered after cold-shock treatment in cells
lacking EXD2. Our observations also suggest that EXD2 is probably not
involved in transcription per se, as EU incorporation or reporter
expression was hardly affected in mock-treated cells in our assay and
cell viability was largely not affected by EXD2 knockdown in the
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Fig. 5 | EXD2 transiently interacts with RNAPII after UV irradiation.
aRepresentative confocal images of HeLa EXD2"/*, EXD2 " and EXD2" + EXD2""-cl1
mock- or UV-irradiated (15)/n7) and left to recover for an hour. Cells were labeled
with anti-EXD2 and anti-FLAG and stained with MitoTracker. Images of the cells
were obtained with the same microscopy system and constant acquisition para-
meters for a given labeling/staining. b EXD2"* cells were mock- or UV-irradiated
(15)/m? and let to recover for 1h. Cells were fractionated in mitochondria (Mito)
and chromatin (Chro) fractions, which were resolved by SDS-PAGE and immuno-
blotted against the indicated proteins. Molecular sizes are indicated (KDa). ATPSA
is a marker of mitochondria. Histone H3 is a marker of chromatin. Source data are
provided as a Source Data file. ¢ EXD2/cllor EXD2 " + EXD2""-cl1 cells were mock-
or UV-irradiated (15 J/m?) and let to recover for the indicated period of time post-UV
(RT). RNAPII was immunoprecipitated using anti-RPB1 from total extracts and

protein were resolved by SDS-PAGE and immunoblotted using anti-RPBI1 or anti-
EXD2 antibodies. HC antibody heavy chain, LC antibody light chain, RT recovery
time. Molecular sizes are indicated (KDa). Source data are provided as a Source
Data file. d. RNAPII was immunoprecipitated from chromatin fractions obtained in
panel b, using anti-RPBL1 in the presence of Benzonase. IP using IgG was performed
as controls. Proteins were resolved by SDS-PAGE and immunoblotted using anti-
RPBL or anti-EXD2 antibodies. RT recovery time. Molecular sizes are indicated
(KDa). Source data are provided as a Source Data file. e Purified RNAPII from HeLa
cells*” was incubated with recombinant pulldown GST-EXD2"". Following washes,
fractions were resolved by SDS-PAGE and immunoblotted against the indicated
proteins. Controls IP was performed with GST alone (lane 4). Molecular sizes are
indicated (KDa). Source data are provided as a Source Data file.

absence of genotoxic stress (our data and ref. *). This is similar to
other genes encoding transcript cleavage stimulatory factors, such a
TFIIS, that becomes essential for cell viability only in the presence of a
genotoxic stress*’, which may reflect a potential redundancy in the
function of these factors in the absence of stress. The involvement of
EXD2 in the recovery of transcription after a genotoxic attack, as well
as its role in the repair of double-strand breaks”** seems to contradict
its mitochondrial location*’** that we confirmed in this work. However,
our results may potentially reconcile these observations as they sug-
gest thata genotoxic stress such as UV-irradiation leads to a significant
re-location of EXD2 from the mitochondria to the nucleus. The mole-
cular aspects of this relocation, and the generalization of this obser-
vation to other genotoxic attacks, are not yet known but it suggests
post-translational modifications or new protein interactions allowing
EXD2 to travel from the mitochondria to the nucleus.

Because EXD2 is known to be a regulator of homologous recom-
bination in double-strand break repair** and double-strand breaks can
occur following replication stress, we were also concermned that the
lack of RRS might be due to replication stress and not directly to UV
irradiation-induced DNA damage. However, we observed first that
confluent EXD2-deficient cells synchronized in GO-G1 were also unable
to recover transcription after UV irradiation and second that RNAPII-
EXD2 interaction occurred when RNAPII is blocked in elongation, even
in the absence of genotoxic stress. These data argue for a direct role of
EXD2 in transcription recovery in relation to its interaction with
RNAPIL

RNAPII backtracking in front of a lesion likely occurs over several
nucleotides, such that the 3’ end of the RNA is no longer aligned with
the RNAPII active site, preventing transcription restart. Therefore, the
data presented here advocate for a scenario in which EXD2, after its re-
location to the nucleus, transiently associates with an RNAPII that is
stopped persistently on a gene during elongation by the presence of a
transcription-blocking lesion, to potentially assist RNAPII in degrading
mRNA from 3’ to 5 when backtracking occurs**’. This activity, alone
or in combination with that of RNAPII, could reactivate backtracked
RNAPII by providing a new 3’ end to the mRNA to realign RNAPIl active
site with the ongoing mRNA. Why cells would require the 3’ to 5
exonuclease activities of RNAPIl and EXD2 to process mRNA at a
damaged site is unclear, but consistent with this scenario, EXD2 is
essential for cell viability after UV irradiation but is not required for
NER to occur, demonstrating that UV sensitivity reflects the toxicity of
the absence of RRS rather than a defect in DNA damage removal. To
better understand the molecular mechanism of EXD2 involvement in
RRS, the association of EXD2 with RNAPII was reconstituted in vitro
using a transcribed DNA template and highly purified and recombinant
transcription factors. Consistent with our hypothesis, we observed
that elongation-active RNAPII associated less with EXD2 than
elongation-blocked RNAPII on transcribed DNA. It is known that EXD2
discriminates RNA and DNA substrates via metal coordination (Mn2+
vs Mg2+)". We show that under the physicochemical conditions
allowing in vitro transcription and the presence of Mg2+, EXD2

exonuclease activity processes newly synthesized long mRNA mole-
cules (309nts length), reinforcing our model of UV-induced recruit-
ment of EXD2 to stalled RNAPII, followed by degradation of nascent
mRNA before transcription resumes. Interestingly, these data are also
the only ones to assign a ribonuclease function to EXD2 in the nucleus
since previous work implicated it in the degradation of nuclear DNA
either during DNA double strand break resection in non-homologous
end joining or in the protection of stressed replication forks?****°.

Methods

Cell culture

U-2 OS cells were cultured in DMEM (1 g/l Glucose) containing 10% FCS
and gentamycin. U-2 OS pTuner 263 cells were cultured in DMEM (1g/I
Glucose) containing 10% Tet-system approved FBS, 1% Penicillin/
Streptomycin, 400 pg/ml G418, and 100 pg/ml hygromycin B and 2 pg/
ml puromycin. The clones of each cell type (HeLa EXD27-cl1 and 2,
Hela EXD2 +EXD2""-cll and 2 and HeLa EXD27" + EXD2"!%SAEH0A. ¢
and 2) were cultured in DMEM (1g/I Glucose) containing 10% FCS and
gentamycin supplemented with 0.25 ug/ml of puromycin for HelLa
EXD2"" + EXD2"""-cll and 2 and HeLa EXD2™" + EXD2"'*"8104".¢c]] and
2. XP4PA-SV, CSIANSV, CSIANSV+ CSB, and XPC Hela Silencix were
cultured as described”~**" in Dulbecco/HamF10 medium containing
10% FCS. U2 OS™*2%* and U-2 0S°*" cells were cultured as described”
in DMEM medium containing 10% FCS.

Quantification of actively transcribing cells

U-2 OS pTuner 263 cells were induced by 1 pg/ml of dox for the indi-
cated time intervals. Cells were fixed and the number of cells harboring
an YFP-MS2 spot counted.

CFP-SKL mRNA quantification

Total RNA was purified using TriReagent following the manufacturer’s
protocol (Molecular Research Center, TR118) and cDNA was prepared
by the SuperScript IV kit (Invitrogen, 18090050). qPCR reactions were
carried out using the LightCycler480 (Roche) machine and the Light-
Cycler 480 SYBR Green | Master (Roche, 04887352001).

EU incorporation assay/RRS assay

RNA labeling by EU incorporation was performed with Click-iT RNA
Alexa Fluor 488 Imaging Kit (Invitrogen, C10329) following the man-
ufacturer protocol with the following modifications; SEU was used at
0.1 mM and labeling was performed during 1h (with the exception of
the RNA degradation assay in which mRNAs were labeled during
10 min) to obtain a good linear EU signal as a function of the incubation
time™. Microscopy pictures were taken with Leica DM 4000 B equip-
ped with a CoolSnap FX monochrome camera and EU signal intensity
was quantified by Image) software.

Immunofluorescence-based DNA lesion quantification
Cells were plated in a 24-well plate. 24 h later, cells were UV-irradiated
with UV-C lamp (15)/m? and recovered for different recovery time
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Fig. 6 | EXD2 preferentially interacts with RNAPII stopped in elongation. a Left
panel; biotinylated DNA template was bound to streptavidin magnetic beads and
incubated for 20 min with purified RNAPII and GTFs. After washes, NTPs were
added to initiate RNAPII elongation for 45 min. Middle panel; Three conditions
were used: in the absence of NTPs where PIC is formed, in the presence of NTPs in
which RNAPII is in elongation, and after the chase of NTPs in which RNAPII is
blocked from elongating. Right panel; the binding of different factors was eval-
uated by immunoblotting. The signals for rEXD2 were quantified and plotted in
arbitrary units (au). The values are the means of three independent experiments
(+/-SD) (Technical triplicates). Molecular sizes are indicated (KDa). Source data are
provided as a Source Data file. b The biotinylated DNA template was bound to
streptavidin magnetic beads and incubated for 20 min with purified RNAPII and
GTFs with or without EXD2 as indicated. After washes, ATP or NTPs were added for
45 min. The binding of different factors was evaluated by immunoblotting and the
signals for EXD2 were quantified and plotted in arbitrary units (au). The values are
the means of three independent experiments (+/-SD) (Technical triplicates).

Molecular sizes are indicated (KDa). Source data are provided as a Source Data file.
¢ Number of nuclear GFP/RNAPII PLA foci in U-2 OS cells expressing either GFP or
EXD2-GFP with or without Flavopiridol treatment (n=at least 100 cells per condi-
tions from three independent experiments). Red bars indicate mean integrated
density. One-way ANOVA with post-hoc Tukey adjustment comparisons were used
to determine the p-values. d Left panel; rEXD2"" and purified RNAPII were resol ved
by SDS-PAGE and immunoblotted with anti-EXD2 and anti-RPB1 antibodies. Mole-
cular sizes are indicated (KDa). Right panel; Coomassie staining of recombinant
EXD2"T and EXD2"'®\E10A | ane 3 is the protein markers. Source data are provided
as a Source Data file. e RNA (309nts) was transcribed from a linear template con-
taining the AdML promoter using a reconstituted RNAPII run-off transcription
assay. Then, increasingamount of recombinant EXD2"" or EXD2°VE1® (10, 20 and
30 ng) was added to the reaction for an additional 10 minincubation period before
the reaction was stopped. Molecular sizes are indicated (Nucleotides). Source data
are provided as a Source Data file.
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intervals at 37 °C, 5% CO>. Immuno-labeling of cyclobutane pyrimidine
dimers (CPD) and 6-4 photoproducts (6-4PP) was performed using
mouse anti-CPD and anti-6-4PP antibodies. DNA was denatured with
2M HCI for 20 min at RT and blocked in 10% FCS in PBS for 30 min
prior to labeling. Microscopy pictures were taken with Leica DM 4000
B equipped with a CoolSnap FX monochrome camera and EU signal
intensity was quantified by Image) software to determine the percen-
tage of CPD and 6-4PP removal (100% represents the % of lesions
measured just after UV irradiation).

Immunofluorescence

Twenty-four hours after plating, cells were irradiated with UV-C lamps
(15J/m?) and recovered for 1h at 37 °C, 5% CO,. Thirty minutes before
fixation, cells were treated with MitoTracker Red CMXRos according to
the manufacturer’s instructions. After permeabilization (0.02% Triton
X-100 for 10 min) and blocking (4% bovine serum albumin, 20 min),
cells were immuno-labeled to visualize either endogenous or tag-FLAG
EXD2 using rabbit anti-EXD2 (HPA005848, 1/2000) and mouse anti-
FLAG M2 antibodies. Slides were mounted with Vectashield containing
DAPI. Microscopy pictures were taken with Leica Spinning Disk CSU-
W1 and processed with Image) software.

Proximity-ligation assay

U-2 OS cells stably expressing GFP or EXD2-GFP were treated with
Flavopiridol (1puM for 1h) before permeabilization in 0.5% Triton in
PBS for 10 min at 4 °C followed by two washes with PBS, fixation with
3% formaldehyde, 2% sucrose in PBS for 10 min at room temperature
and two washes with PBS. Blocking, primary antibody incubation and
the PLA assay were then carried out as described”. Antibodies
employed for the PLA assay were as follows: GFP (Roche, 11814460001,
1:500) and RNAPII (Bethyl, A300-653A, 1:1000). Images were acquired
with Zeiss Axio Observer Z1 Marianas™ Microscope attached with a
CSU-W spinning disk unit (built by Intelligent Imaging Innovations (3i))
using a 63x objective. Image analysis was carried out with FIJI (ImageJ)
and CellProfiler (Broad Institute) software.

Transfections

Plasmid transfections were conducted using X-tremeGene DNA
Transfection Reagent (Roche) according to the manufacturer’s pro-
tocols. siRNA transfections were conducted using Lipofectamine
RNAIMAX Transfection Reagent (Invitrogen) according to the manu-
facturer’s protocols.

TCR-Unscheduled DNA synthesis (TCR-UDS)

GG-NER-deficient XP4PA-SV cells (XP-C) were grown on 18 mm cover-
slips. siRNA transfections were performed 24 h and 48 h before TCR-
UDS assays. After local irradiation at 50 J/m? with UV-C through a 5 um
pore polycarbonate membrane filter, cells were incubated for 8 h with
S-ethynyl-2"-deoxyuridine (EdU), fixed and permeabilized with PBS and
0.5% triton X-100. Then, cells were blocked with PBS + solution (PBS
containing 0.15% glycine and 0.5% bovine serum albumin) for 30 min
and subsequently incubated for 1h with mouse monoclonal anti-
yYH2AX antibody 1:500 diluted in PBS. After extensive washes with PBS
containing 0.5% Triton X100, cells were incubated for 45 min with
secondary antibodies conjugated with Alexa Fluor 594 fluorescent
dyes (Molecular Probes, 1:400 dilution in PBS). Next, cells were washed
several times and then incubated for 30 min with the Click-iT reaction
cocktail containing Alexa Fluor Azide 488. After washing, the cover-
slips were mounted with Vectashield containing DAPI (Vector). Images
of the cells were obtained with the same microscopy system and
constant acquisition parameters. Images were analyzed as follows
using Image) and a circle of constant size for all images: (i) the back-
ground signal was estimated in the nucleus (avoiding the damage,
nucleoli and other non-specific signal) and subtracted, (ii) the locally
damaged area was defined by using the yH2AX staining, (iii) the mean

fluorescence correlated to the EdU incorporation was then measured
and thus an estimate of DNA synthesis after the repair was obtained.
For each sample, three independent experiments were performed.

Cell sub-fractionation and IP

Cell fractionation was performed by using the Qproteome Mitochon-
dria Isolation Kit (Qiagen) with some modifications. 2 x 107 HeLa cells
were collected 1-h post UV irradiation (20 J/m?) and resuspended in cold
lysis buffer. Following centrifugation (1000 x g, 4 °C), the supernatant
was removed and the pellet was resuspended in cold disruption buffer
using dounce homogenizer. After centrifugation (1000 x g, 4 °C), while
the supernatant was treated according to the manufacturer’s instruc-
tion to collect mitochondrial fraction, the pellet has been washed three
times with PBS and resuspended in sucrose buffer (20mMTris pH 7.6,
15 mM KCl, 60 mM NaCl, 0.34 M sucrose). Under vortex agitation, high
salt buffer (20 mM Tris pH 7.6, 25% glycerol, 1.5 mM MgCl,, 0.1mM
EDTA, 300 mM NaCl final concentration) was added (30 min at 4 °C).
Following centrifugation (2500 x g, 4 °C), the supernatant was removed
and the pellet (containing the chromatin fraction) was resuspended in
sucrose buffer supplemented with 1mM CaCl,. Digestion with Micro-
coccal Nuclease (25 u, Biolabs) was next performed S min at 37 °C and
stopped by adding 4 mM EDTA. Sonication was carried out with a
Q800R2 sonicator (Qsonica, 3 s on/2 s off during 3 min). The chromatin
fraction was collected after centrifugation (16,000 x g, 30 min at 4 °C).
Bradford protein assays were used to measure the final concentration
of the mitochondrial and chromatin fraction. IP experiments were
performed with the chromatin fraction using anti-RPB1 monoclonal
antibody in the presence or not of Benzonase.

Protein-DNA binding assay

Biotinylated AAMLP DNA template bound to streptavidin magnetic
beads was incubated 20 min at 25 °C with purified RNAPII, TFIIA, 1IB,
IIF, TBP, IIH and EXD2 in transcription buffer (20 mM HEPES (pH 7.9),
7 mM MgCl,, 55 mM KCl). After three washings at 50 mM NaCl, bound
fractions were resolved by SDS-PAGE for immunoblottings and oth-
ers were incubated 45 min at 25 °C with NTP (200 uM). After wash-
ings, these fractions were in turn resolved by SDS-PAGE or were
further incubated 20 min with EXD2. The abundance of EXD2 was
assessed by immunoblot densitometry analysis (using Image) soft-
ware). Each signal was quantified three times and plotted in arbitrary
units (au).

Reconstituted run-off transcription

Reaction mixtures of 12 pL containing 50 ng of linear AMLP DNA
template and recombinant TFIIH, TFIIB, TFIIE, TFIIF, TBP together
with purified RNA pol 11 as described™ were pre-incubated for 20 min
at 25°C in transcription buffer (20 mM HEPES (pH7.9), 7mM MgCl,,
55mM KCI) and transcription was initiated by the addition of 2L
nucleotide solution to final concentrations of 600 uM UTP, ATP, GTP
and 0.6puM (a-*?P) CTP. Reactions were carried out for 30 min
and recombinant EXD2 was added for another 10 min. Reaction
was stopped by the addition of 0.5puL of 0.5M EDTA (pH 8). The
resulting RNA transcripts were analyzed on an 8% denaturing
polyacrylamide gel.

Statistics and reproducibility

Experimental data were plotted and analyzed using GraphPad Prism
(GraphPad Software Inc.). The number of samples and replicates are
indicated in the respective figure legends. Each experiment was
repeated a least three times with similar results.

Extended resource table

An extended resource table with antibodies, oligonucleotide sequen-
ces, chemicals, and reagents used in this work is provided in Supple-
mentary Table 1.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this
published article (and its supplementary information files) and are
available from the corresponding author on request. An extended
resource table with antibodies, oligonucleotide sequences, chemicals
and reagents used in this work is provided in Supplemental
Table 1. Source data are provided with this paper.
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Clémence ELLY

Consequences of XPD mutations on DNA repair, transcription and cell division, leading to

the development of rare genetic diseases

Résumeé

XPD hélicase 5’-3” du complexe TFIIH, participe a la transcription, a la réparation des Iésions UV
(NER) et a la ségrégation chromosomique. Des mutations de XPD sont associées a des pathologies
récessives rares comme XP, XP/CS et TTD. Longtemps attribuées a des défauts de NER, ces
maladies pourraient aussi résulter d’altérations d’autres fonctions de XPD. Des lignées cellulaires
CRISPR-Cas9 portant des mutations pathogenes ont été analysées. La microscopie confocale a
permis d’analyser les effets des mutations sur la mitose, Le mécanisme de réparation a été évaluer
par irradiation UV, et un séquencage haut débit a permis d’analyser le mécanisme de transcription
des lignées géneérées. Les résultats suggérent que la perte d’activité hélicase n’affecte ni la
localisation mitotique de XPD ni la ségrégation des chromosomes, mais altere la réparation UV.
En transcriptomique, les mutations induisent des profils d’expression génique distincts. Ces
données révéelent que les effets mutationnels sont spécifiques a chaque fonction, insistant sur la
variabilité phénotypique observée chez les patients.

Mots clés: XPD, Complex TFIIH, Xeroderma Pigmentosum, Syndrome de Cockayne,
Tricothiodystrophie, Transcription, Réparation de I’ADN, Mitose

Abstract

XPD, a 5'-3" helicase in the TFIIH complex, is involved in transcription, UV damage repair (NER)
and chromosome segregation. Mutations in XPD are associated with rare recessive disorders such
as XP, XP/CS and TTD. Long attributed to NER defects, these diseases may also result from
alterations in other XPD functions. CRISPR-Cas9 cell lines carrying pathogenic mutations were
analysed. Confocal microscopy was used to analyse the effects of mutations on mitosis, the repair
mechanism was evaluated by UV irradiation, and high-throughput sequencing was used to analyse
the transcription mechanism of the generated lines. The results suggest that the loss of helicase
activity does not affect the mitotic localisation of XPD or chromosome segregation, but does alter
UV repair. In transcriptomics, the mutations induce distinct gene expression profiles. These data
reveal that the mutational effects are function-specific, emphasising the phenotypic variability
observed in patients.

Keywords : XPD, TFIIH complexe, Xeroderma pigmentosum, Cockayne syndrome,
Tricothiodystrophy, Transcription, Nucleotide excision repair, Mitosis
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